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indirect approaches such as satellite communication, distance learning via satellite,
natural resource observation and climate forecasting, medical and economical
development, demonstration and science experiments via satellite, etc. These can
increase capability for development and to compete with the competitive countries
and neighboring countries. The satellite has been widely used in space technology
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CHAPTER I

INTRODUCTION

1.1 Background of Problems and Significance of the Study

Nowadays, space and geo-information technology and their applications have
had a growing importance in many aspects of country development for both direct and
indirect approaches such as satellite communication, distance learning via satellite,
natural resource observation and climate forecasting, medical and economical
development, demonstration and science experiments via satellite etc. These can
increase capability for development and to compete with the competitive countries
and neighbor countries. The satellite has been widely used in space technology such
as GEO satellite (Geo-Stationary Orbit Satellite) and LEO satellite (Low Earth Orbit
Satellite). Each of these has various strengths and weaknesses in its ability to provide
particular communications services. For example, GEO systems have significantly
greater available bandwidth than the LEO system. Because of their capacity and
configuration, GEOs are often more cost-effective for carrying high-volume traffic,
especially over long-term contract arrangements. GEO systems, like all other satellite
systems, require line-of-sight communication paths between terrestrial antennas and
the satellites. However, GEO systems have fewer satellites and these are in fixed
locations over the earth. This is a significant disadvantage of GEO systems as
compared to LEO systems, especially for mobile applications. The LEO systems are
expected to cost less to implement than the other satellite systems. The LEO satellite

communication systems are based on having multiple satellites orbiting in low earth



orbits. Since satellites in low earth orbit change their positions relative to the ground
positions quickly, therefore, the linkage time requirement for ground station-satellite
link is limited. Thus, to provide more time for ground station-satellite communication,
an antenna on the satellite must have a wide beamwidth. The interested wide
beamwidth antenna for small LEO satellite application in this research is shown in

Figure 1.1.

Figure 1.1 Back-feed curved reflector antenna for small LEO satellite application.

Moreover, this approach is fruitful for high-gain antenna applications,
especially for wireless local area network (WLAN) large-scale indoor base station.
The proposed antenna will be installed on the center point of ceiling in very large
room and can illuminate a predefined circular coverage area. Consequently, the all
client computers which are in this room will be connected to the access point of

wireless LAN through the only one antenna as shown in Figure 1.2.
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Figure 1.2 Back-feed curved reflector antenna for WLAN large-scale

indoor base station.

This thesis concentrates on a back-feed curved reflector antenna using ring
focus feeding. A backscattering technique is used with the main reflector to achieve
wide beamwidth for earth coverage in LEO satellite. This antenna can be called the
axis-displaced ellipse reflector antenna or ADE backscatter antenna, because
subreflector of this antenna is a portion of an ellipse and it is displaced axis from main
reflector. The structure of proposed antenna consists of a main reflector by using
backscattering technique, a portion of an ellipse subreflector and a conical horn
antenna as shown in Figure 1.3. For analysis, physical optics (PO) and a physical
theory of diffraction (PTD) have been utilized in this research. To validate the
proposed concept, a back-feed curved reflector antenna using ring focus feeding will

be implemented and experimented at 18.75 GHz.
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Figure 1.3 Structure of a back-feed curved reflector antenna

using ring focus feeding:.

1.2 Research Objectives

The objectives of this research are as follows:

1.2.1 To study the method to design and develop a reflector antenna for
applying to small LEO satellite or WLAN large-scale indoor base station.

1.2.2 To validate the proposed concept, a back-feed curved reflector antenna
using ring focus feeding will be designed based on the developed PO/PTD analysis
tool.

1.2.3 To implement and experiment an antenna model to validate the

developing analysis tool at 18.75 GHz.



1.3 Scope of the Study

The design of a back-feed curved reflector antenna using ring focus feeding or
ADE backscatter antenna for applying to the small LEO satellite and WLAN large-
scale indoor base station is presented. A simple procedure for the design of a back-
feed curved reflector antenna using ring focus feeding is given. Using five input
parameter parameters, a set of the equations is derived to find the remaining
geometric parameters, fully defining the systems. The radiation fields of the proposed
antenna are calculated by using physical optics (PO) and physical theory of diffraction
(PTD). To verify the performance of the antenna discussed, a prototype has been
fabricated at 18.75 GHz. This antenna is tested experimentally to validate the

developing analysis tool.

1.4 Expected Benefits

1.41 To obtain a wide beamwidth of a back-feed curved reflector antenna
using ring focus feeding for applying to the small LEO satellite or WLAN large-scale
indoor base station.

1.4.2 To obtain the simulation program developed from PO/PTD which can
be applied to use with the realized problem of a back-feed curved reflector antenna
using ring focus feeding or axially displaced ellipse antenna (ADE antenna).

1.4.3 To obtain an antenna prototype at 18.75 GHz.

1.5 Thesis Organization

The remainder of this thesis is organized as follows. In chapter 2, we present a

several types of the reflector antenna for applying to wireless communication system



such as antenna for satellite communication and indoor WLAN. In addition, a dual-
reflector antenna and a generalized study of classical axially symmetric dual-reflector
antenna are presented. Furthermore, an introduction to the high frequency diffraction
techniques for reflector antenna analysis is presented in this chapter. The last section
is chapter summary.

In chapter 3, we present the theary and formulation of the physical optics (PO)
and physical theory of diffraction (PTD) techniques. The basic problems of physical
optics method for analysis reflector antenna is obtaining the scattering fields produced
by a source antenna, modeled as induce surface currents (source distribution) at every
points on reflector surface (field surface). The currents induced on the reflector are
obtained directly from the components of the incident fields tangential to the reflector
at each point on its surface. These currents are then reradiated to be the far-field and
produce the patterns. This process is illustrated in this chapter. However, the physical
optics may not be accurately in-the prediction of the radiated field in the far-angle
regions, the cross-polarized field, or the near-field. The inaccuracy of the PO field can
be effectively corrected by the PTD fringe fields. The approach of PTD is as follow
(Michaeli, 1986); (Ufimtsev, 1991). The first step is calculation of the PO currents on
the reflector surface and the fringe currents on the edge of reflector. The second step
is calculation of the radiated fields due to the PO currents and the fringe fields due to
the fringe currents. The total scattered field is constructed by adding a “fringe” field to
the physical optics field. The PTD analytical procedure is given in this chapter. This
chapter gives numerical example for reflector antenna analysis by using PO/PTD
combination. In the last section of this chapter, the radiation characteristics and

chapter summary will be presented.



In chapter 4, the ring focus antenna or axially displaced ellipse antenna (ADE
antenna) is introduced. The antenna system consists of the main reflector, portion of
an ellipse subreflecter and horn antenna. The features and advantages of the ring focus
antenna are described in this section. The design examples of ADE reflector antenna
based on Granet (1999) will be presented. In order to justify the validity of the
analysis tool, this analysis is compared with Granet (1999) and Kumar et al. (1999). In
addition, the design procedure for back-feed curved reflector antenna by using ring
focus feeding or ADE backscatter antenna is presented. The several sets of input
parameters of the proposed antenna for representing the ADE backscatter antenna are
derived in closed form. The radiation fields of the ADE backscatter antenna are
simulated by using PO/PTD techniques and then compared with the back-feed curved
single reflector antenna. The last section is chapter summary.

To verify the performance of the proposed antenna discussed, a prototype has
been designed and developed, which are given in chapter 5 and the manufacturing
process is described. Furthermore, the experimental process was carried out, followed
by a completed description of the results obtained in the anechoic chamber.
Performance comparison between the simulated and measured results is also
conducted.

The last chapter, chapter 6, provides conclusions of the research work and

suggestion for future studies.



CHAPTER Il

LITERATURE REVIEW

2.1 Introduction

Classical axially symmetry Cassegrain and Gregorian reflectors have been
used for many years in high gain antenna applications (Hannan, 1961); (Rusch, 1963).
The main disadvantage of these configurations is the blockage of the main reflector by
the feed/subreflector and its support structure, which causes a number of deleterious
effects such as the decrease of the antenna aperture efficiency. However, this problem
can be minimized by reducing the main-reflector radiation toward the subreflector.
This may be accomplished hy either shaping both reflector or using alternative
classical configurations, -where the generating curve of the axially symmetric
reflectors are described by conic section (Yerukhimovich and Miroshinichenko,
1975); (Rotman and Lee, 1984). In this thesis, the second option has been considered
by focusing on axially symmetric dual reflector antenna. The comparison of these
antenna geometries has been studied by the authors during the last nine years (Moreira
and Prata, 2001). It has been found that the axially displaced ellipse (ADE) reflector
antenna provides an excellent choice for compact high gain spacecraft antenna
applications. Moreover, the ADE configuration, without any shaping of the reflectors,
can provide high efficiency using a feed of low to moderate gain. The main aim of
this thesis is the design and developing a wide beamwidth back-feed curved reflector
antenna using ring focus feeding for applying to small LEO satellite or WLAN large-

scale indoor base station. However, the proposed antenna is based on axially



displaced ellipse reflector antenna studied by Popov and Milligan (1997) and Granet
(1999) but our main reflector shape is different. The backscattering technique is used
with the main reflector achieving wide beamwidth for earth coverage in LEO satellite
application.

In this chapter, we will present several types of the reflector antenna for
applying to the satellite communication and indoor WLAN. In addition, a dual-
reflector antenna and a generalized study of classical axially symmetric dual-reflector
antenna are presented. Furthermore, an introduction to the high frequency diffraction
techniques for reflector antenna analysis is presented. The last section is chapter

summary.

2.2 Antenna for Wireless Communications

2.2.1 Reflector Antennas for Satellite Communications

A variety of antenna types are used in satellite communications.
Shaped beam reflector antenna has become key element of communication satellites
having requirement of irregular shaped coverage area. The shaped beam can be
generated mainly by three techniques viz. direct radiating planar array with beam
forming network (Cherrette and Chang, 1985), array fed with parabolic reflector
antenna (Rush, 1984) and shaped reflector antenna as shown in Figure 2.1. First two
techniques have more RF loss in beam forming network. The shaped reflector
antennas are interested because of the fact that only one horn feeding a single shaped
reflector can produce a shaped beam. Since the shaped reflector antenna requires no
feed network, the expense, weight and RF losses of the antenna system are reduced.

Also, elimination of the feed network will simplify construction of the antenna. The
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example of shaped reflector antennas for satellite communication such as Cherrette
(1989) research presented a method for producing a shaped contour radiation pattern
using a single reflector and a single feed. In this case, the far-field radiation pattern is
configured to the desired shape by properly shaping the reflector surface. The
synthesis method procedure for producing a shaped contour radiation pattern will be
started by the phase distribution in the near field aperture plane, which is first
optimized with a set of constraint gains in the far-field and then the reflector is shaped
according to the optimized phase distribution. However, the major problems from this
method are the surface discontinuities that can be generated and the lack of control in
edge shape as illustrated in Figure 2.2. Later, Shogen, Nishida, and Toyama (1992)
presented shaped reflector for broadcasting satellites. Authors improved the phase
optimization method proposed in Cherrette (1989), so that the problem of the
discontinuity on the reflector surface is avoided. However, a drawback in this method
for phase optimization is the computation time. Chen and Chuang (1997) presented a
shaped offset reflector antenna synthesizing a contoured beam and an elliptical offset
reflector antenna to generate an elliptical beam in order to cover the Taiwan island
region. They compared and discussed of the antenna coverage performance of the two
designs. In the case of shaped reflector antenna, the reflector shaping technique of
their research was based on Cherrette (1989); Shogen et al. (1992). It was found that
shaped reflector antenna to provide the contoured beam can reduce gain level in the
unnecessary antenna radiation power over undesired nearby region. While for the
elliptical reflector antenna (unshaped reflector), the elliptical beam can achieve the

desired Taiwan region coverage requirement.
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Figure 2.2 The shaped reflector surface discontinuity (Cherrette, 1989).

The shaped contour radiation patterns, as described above, are obtained by
using a single feed with a shaped main reflector. The main reflector surface is shaped
to produce a desired radiation pattern. A primary disadvantage associated with shaped
reflectors such as the position of feed and the shape of reflector, which are designed
for a given fixed radiation pattern to cover only desired region. Changing the shaped
contour radiation patterns, the shape of reflector surface is needed to be changed.
Moreover, shaping the reflector to obtain desired shaped beam, the construction of the
surface is more complex and this yields more complicated manufacturing. If the shape
of the desired coverage region is very close to an elliptical or circular zone, then the
reflector antennas providing elliptical or circular beam will be alternative choice for
satellite communication. Furthermore, if we can synthesize a variety of reflector
shapes for variety of different coverage region, it will be convenient to choose these
reflectors for using in varied region. Thaivirot et al. (2008) presented the synthesis of
radiation pattern of variety of the shape backscatter antennas viz. triangular,
quadratic, circular, Gaussian, cosine, squared cosine, parabolic, and hyperbolic shape

for wide variety of different coverage area. Each of shape single backscatter antenna



13

is easy to realize and manufacture because the shape of backscatters are elementary
geometrical functions. Moreover, these single backscatter antennas can provide wide
beamwidth for applying to small LEO satellite and WLAN large-scale indoor base
station.
2.2.2 Reflector Antennas for Indoor WLAN

The highly shaped-beam antenna was first developed to give
approximately uniform coverage of the earth from satellite antenna (Kishk, 1989);
(Hay et al., 1999); (Olver, 1994). Recently, the similar requirement but different
application that is, the indoor high speed data transmission: wireless LAN operating
in the millimeter wave, again attracts considerable attentions (Bird et al., 1994);
Smulders et al., 2001); (Kumar, 2003). Due to the critical specification in link budget,
the transmitted power has to be efficiently distributed over the coverage; the spatial
fluctuation of the field strength has to be as small as possible within the defined
coverage area, whereas outside the coverage the field strength has to fall off rapidly.
A shaped reflector antenna for 60-GHz indoor wireless LAN access point was
developed (Smulders, 2001). A circular footprint having the deviation from the
average field strength less than 2.5 dB in the far-field was reported (Smulders, 2001).
They commented that the practical imperfections such as axial and lateral feed
displacement and mispointing of the feed on top of effects due to blockage by the
feed-horn may contribute to spatial field variations. Moreover, compact shaped
reflector antennas comprise an interesting alternative to usual base station arrays due
to their ability in providing customized coverage pattern (Bergmann et al., 1998);
(Bergmann et al., 2002). However, the synthesis the shaped reflector antenna to

obtain shaped beam for service coverage in WLAN application may yield the
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construction of the surface more complex. This provides complicated manufacturing
and increase the fabrication cost. This research interests the reflector antenna by using
backscattering technique to achieve the completely wide beam radiation pattern for
service coverage. The shape of the reflector must be convenient to realize and

manufacture.

2.3 Dual Reflector Antennas

Axially symmetrical dual reflector antennas such as Cassegrain and
Gregorian, reflectors are of interest in radio astronomy and in earth station antenna
technology. However, the main disadvantage of these configurations is the
subreflector blockage, which causes a number of deleterious effects such as the
decrease of the antenna aperture efficiency. However, this problem can be minimized
by reducing the main-reflector radiation toward the subreflector. This may be
accomplished by either shaping both reflector or using alternative classical
configurations, where the generating curves of the axially symmetric reflectors are
described by conic section (Yerukhimovich and Miroshinichenko, 1975); (Rotman
and Lee, 1984). In this thesis, the second option is considered by focusing on an
axially displaced dual reflector antenna. There are four different types of classical
axially symmetric dual reflector antennas that avoid field scattering from the main
reflector scattering toward the subreflector (Moreira and Prata, 2001). Their
generating curves and relevant parameters are expressed in Figure 2.3. The four
classical configurations are basically characterized by the location of the two
subreflector caustic regions. One caustic (a ring caustic) is located by the rotation of

the parabolic focal point around the symmetry axis. The second caustic (a line
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caustic) corresponds to the portion of the symmetry axis intersected by subreflector
reflected rays. The first geometry has a virtual ring and line caustics classified here
are an axially displaced Cassegrain (ADC). This geometry was previously studied in
Yerukhimovich (1972) and named an axially tilted hyperbola (ATH). The second
geometry has real ring and line caustics defined as an axially displaced Gregorian
(ADG). The third geometry has real ring caustic and a virtual line caustic named an
axially displaced ellipse (ADE) section (Yerukhimovich and Miroshinichenko, 1975);
(Rotman and Lee, 1984). It was previously studied in Yerukhimovich (1972) under
the denomination axially tilted ellipse (ATE) and is also known as the
Yerukhimovichian configuration. Finally, the last configuration has a virtual ring
caustic and real line caustic denominated axially displaced hyperbola (ADH). In all
these configurations, the main reflector is generated by a parabola, while the curve of
subreflector generated can be either a hyperbola (ADC and ADH) or an ellipse (ADG

and ADE).

Hyperb(ﬂ; Axis 2/
Parabola Axis F

(a) ADC configuration

Figure 2.3 Generalized classical axially symmetric dual reflector antennas

(Fernando et al., 2001).
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Figure 2.3 Generalized classical axially symmetric dual reflector antennas

(Fernando et al., 2001) (Continued).

Later, Moreira and Prata (2001) regard the dual reflector antenna blockage
effects. For the dual reflector antenna geometries as shown in Figure 2.3, three
blockage mechanisms such as subreflector, feed and self blockages are presented. The
subreflector blockage is characterized by the incidence of main reflector reflected

rays upon the subreflector. It is avoided when D, <D, <D,, (see Figure 2.3). The

feed blockage occurs when part of the subreflector reflected rays impinges upon the
feed structure, depending on the feed physical dimensions. If assuming a feed
illumination provided by point source, the feed blockage never occurs for the ADC
and ADE. The self blockage refers to the intersection of rays reflected by the
subreflector lower (upper) half with the subreflector upper (lower) half surface, which

can only occur for the ADG and ADH configuration. The study of Moreira and
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Prata (2001) found that, the ADC and ADG can provide, without considering any
diffraction effects, efficiency up to 84%, while the ADE and ADH can vyield
efficiency beyond 90% by decreasing feed spillovers and relatively smaller
subreflector diameters. In addition, Moreira and Bergmann (2005) studied the
synthesis and performance of classical dual-reflector antennas suited for an
omnidirectional coverage. The study was found that the omnidirectional ADE
configuration provides the most compact arrangements and capable of yielding the
high efficient antennas. Latterly, Granet (1999) presented a simple procedure for the
design of classical displaced axis dual reflector antennas. Author used four input
parameters, a set of equations is derived to find the remaining geometric parameters
and fully defining the system. This initial geometry provides a good starting point for
any optimization process. Recently, Kumar et al. (2009) reported the performance of
the ADE antenna with an electrically small aperture. The diameter of the antenna is

about 204, which is considerably smaller than the. ADE antennas already reported.

Their antenna design has been successfully implemented in India’s first mission to the
moon, Chandrayann-1. The results of this research provide the confidence for using

the ADE configuration on small aperture and high efficiency antenna application.

2.4 Analysis Methods for Reflector Antenna

In order to design and correctly predict the performance of a reflector antenna,
different analysis and synthesis techniques have been developed (Samii, 1993);
(Samii, 1995). Physical optics (PO) is one of widely used techniques to analytically
determine the radiation patterns of reflector antennas. It is popular because of its

simplicity in algorithm, its ability to accurately predict the far field pattern near the
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main beam, and the availability efficient numerical techniques to perform the surface
integration (Samii, 1988). However, PO may be not accurate in the prediction of the
radiated field in the far-angle regions, the cross polarized field, or the near field. It
may therefore be necessary to use other techniques to accurately compute these
quantities.

One of the techniques that can be used to accurately predict the fields in far
angle regions is Geometrical Theory of Diffraction (GTD) originated by Keller
(1952). This simple and accurate algorithm has been further enhanced by the
development of the Uniform Geometrical Theory of Diffraction (UTD)
(Kouyoumjian and Pathak, 1974) and the Uniform Asymptotic Theory (UAT)
(Ahluwalia et al, 1968); (Lee and Deschamps, 1976), which remedy the deficiencies
of GTD at the shadow boundary and the reflection boundary. However, the caustic
singularity of GTD, which causes difficulty in the antenna directivity calculation,
cannot be removed by the uniform versions. If one uses GTD and PO jointly to
overcome this limitation in the reflector analysis, it is usually difficult to determine an
observation angle at which a changeover between these two methods should take
place. Furthermore, when applied to scatterers with curved surfaces and edges, the
computation efficiency of the GTD techniques degrades if the reflection and
diffraction points on the scatterers were determined numerically. Due to these facts, it
is desirable to have a diffraction technique by which both of the co-polarized and the
cross-polarized fields can be predicted accurately and uniformly over the whole

angular regions.
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Another technique developed at same time as GTD is the physical theory of
diffraction (PTD) pioneered by Umfimtsev (1962). Two important modifications to
the original PTD have been achieved. The first one is the application of the concept of
equivalent edge current (EEC), which eliminates the caustic singularities in the
original ray tracing PTD. The second one is an extension for observation angles,
which are not on the positions of angle of Keller's cone. Ando’s modified PTD is one
modification that uses the concept of EEC (Ando, 1985). A theoretical examination of
this method can be found in Breinbjerg et al. (1987). Mitzner, on the other hand, did
not use EEC explicitly but rather expressed the PTD correction fields in terms of
incremental length diffraction coefficients (ILDC) (Mitzner, 1974). The third
modified PTD will be studied in this thesis is Michaeli’s work. He derived the GTD
equivalent edge currents by asymptotically reducing the surface to edge integral
(Michaeli, 1984). These currents were then written in terms of diffraction coeffients.
It has been pointed out in (Knott, 1985) that if the PO components are subtracted from
Michaeli’s total scattered field, then the fringe fields constructed by Mitzner’s ILDC
are recovered. The equivalence of the total scattered field to the sum of the PO and
fringe fields has also been observed in the spectral domain (Samii and Mittra, 1977).
Later, Michaeli evaluated the fringe current radiation integral over the *“ray
coordinate” instead of over the “normal coordinate”. This improvement using such

techniques corrected many of the singularities in Mitzner’s ILDC (Michaeli, 1986).

2.5 Chapter Summary

This chapter gives a detail and literature surveys of the reflector antenna for

wireless communication such as WLAN and satellite communication. It was found
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that the single shaped reflector to provide shaped beam has been interested for
satellite communication. However, the synthesis of the shaped reflector antenna to
obtain shaped beam for service coverage may yields the construction of the surface is
more complex. This provides complicated manufacturing and increase the fabrication
cost. Therefore, if the shape of the desired coverage region is very close to an
elliptical or circular zone, then the shape of reflector antennas providing elliptical or
circular beam and easy to realize and manufacture are alternative choice for satellite
communication. In order to improve efficiency of the antenna, the dual reflector
antennas avoiding the subreflector blockage are studied. The study was found that the
ADE configuration provides the compact antenna and yielding the high efficient
antenna by avoiding subreflector blockage. In addition, the literature survey of
analysis method for reflector antenna was presented in the last section. This thesis
focuses on the PTD technique studied by Michaeli for reflector antenna analysis. The
formulations and the numerical example of reflector antenna analysis by using PO

and PTD method will be detailed in following chapter.



CHAPTER 111

BACKGROUND THEORY

3.1 Introduction

Efficient and accurate high frequency diffraction analysis techniques for
reflector antenna have been interested for many years. Physical Optics (PO) is one of
the techniques that has been widely used in analytical determination of the radiation
patterns of reflector antennas. It is popular because it is simplicity in the algorithm,
able to accurately predict the far-field pattern near the main beam and can use
efficient numerical techniques to perform the surface integration (Samii, 1988; Ando,
2005). However, physical optics may not be accurate in the prediction of the radiated
field in the far-angle regions, the cross polarized field, or the near-field. Therefore, it
may be necessary to use other techniques to accurately compute these quantities as
described in chapter 2. To overcome these limitations, the Physical Theory of
Diffraction (PTD) technique studied by Michaeli is presented in this chapter. For
Michaeli’s method, the total scattered field is constructed by adding the fringe field to
the physical optics field. In this chapter, the formulations of the PO and PTD
techniques and radiation characteristics of antenna are presented in sections 3.2 to 3.4.
The numerical example for reflector antenna analysis will be presented in section 3.5

to demonstrate the effectiveness of the PTD fringe field in improving the PO field.
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3.2 Physical Optics (PO)

Physical optics is a simple method that gives an approximation to the surface
currents valid for perfectly conducting scatterers, which are large in terms of
wavelengths. The scattered fields are calculated by either finding the induced
equivalent currents on the scatterer surface and these currents are then reradiated to
the far-field to produce the patterns. To calculate the radiated fields due to the
equivalent surface currents involve no further approximations since the radiation
integral of the surface currents can be computed by numerical integration with high
precision. If the surfaces of the scatterer are not perfectly conducting, but reflection
and transmission coefficients are known, the physical optics method can be modified

to give an approximation to the equivalent electric and magnetic surface currents.
3.2.1 Equivalent Surface Currents

In the physical optics approximation, it is assumed that the surface
current in a specific point on a curve, but perfectly conducting scatterer is the same as
the surface current on an infinite planar surface, which is tangential to the scattering
surface at this point. The equivalent currents on a perfectly electric conducting (PEC)
infinite plane surface illuminated by an arbitrary incoming field are given by the well-
known formula (Collin and Zucker, 1969)

I~

_ 2xH' Illumination region
J"°={ RO , (3.1)

0 , Shadow region

which constitutes the physical optics approximation. Here J is the equivalent electric

current, A is the unit surface normal vector (pointing outward on the illuminated side



24

of the surface) and H' is the incident magnetic field. At points on the scatterer which,
are not directly illuminated by the incident field, the surface currents are
approximated with zero.

The equation (3.1) is simple to derive for an incident plane wave but it
is valid for any kind of incident field as explained below. A curved surface is a good
approximation to the actual current if the dimensions of the scattering surface and its
radius of curvature are sufficiently large measured in wavelengths. For simple surface
shapes, physical optics is often used for scatterers down to five wavelengths in
diameter.

In order to show that (3.1) is valid for a general incident field, we

consider two plane waves with different amplitudes and direction of propagation
incident on an infinite planar surface. They will induce the currents J, and J,,

respectively, given by
J, =2AxH/ (3.2a)
J, =2AxH,, (3.2b)

where H,' and H,' are the magnetic fields of two incident plane waves. The total

surface current is found by adding the two equations in (3.2a) and (3.2b) which gives
J=13,+73,=20x(H+H,)=2xH", (3.3)

where H' is now the total incident field. It is seen that this equation has the same

form of (3.1). An incident field consisting of an arbitrary number of incident plane
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waves can be treated in the same way, which shows that (3.1) is valid for a general
incident field.

If the scattering surface is not perfectly conducting, but the reflection
and transmission coefficients are known, a method that is similar to physical optics
can be used to compute a set of equivalent electric and magnetic currents, which
approximates the exact equivalent currents radiating the scattered field. For derivation
of this approximation, we consider that an infinite planar surface has finite thickness
with known incident field and reflection and transmission coefficients as shown in
Figure 3.1. The incident, reflected and transmitted electric and magnetic fields are

marked by superscripts i, r and t, respectively.

Figure 3.1 Non-perfectly conducting surface.

If the incident field is subtracted from the fields on both sides of the
surface the equivalence principle may be applied so that the surface can be replaced

by two current sheets as shown in Figure 3.2.
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Figure 3.2 Equivalent currents radiating the scattered field.

From the reflection and transmission coefficients, the reflected and
transmitted fields can be computed and then equivalent currents can be found from

the electromagnetic boundary conditions, which give

j]_:ﬁl)(l:'r, Mlz_ﬁlx = (3.4a)
Jzzﬁzx(Ht—l-Ti), Mzz—ﬁzx(Et—Ei), (3.4b)

where J; and J,  denote electric currents in media 1 and 2, respectively,
M, and M, denote magnetic currents in media 1 and 2, respectively,
M and N, denote the unit surface normal vector in media 1 and 2,

respectively.
Due to the plane wave assumption, the phase of the transmitted field

may be referred to the front surface such that only one sheet of equivalent currents is

needed. Using A, = —fy, we obtain
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J= 1+J2:A1X(Hi+|:|r_Ht)a (3.53)
M =M, +M, =-A,x(E'+E -E'). (3.5b)

When the scattering surface is curved and of finite extent the currents (3.5) are an
approximation to the exact equivalent currents. For perfectly conducting surface, the
transmitted field is zero and the tangential components of the incident and reflected
field are either equal (H-field) or opposite (E-field) such that J in (3.5a) reduces to
(3.1) and M becomes zero. An important complication for the non-perfectly
conducting surface is that the reflection and transmission coefficients usually depends
on the angle of incidence, which means that it is necessary to know the direction of
propagation of the incident field. This direction is only well-defined if the incident
field is locally a plane wave. As explained above this restriction is not necessary for
the physical optics approximation (3.1) on a perfectly conducting surface.

3.2.2 Scattering Field from Equivalent Surface Currents

According to Collin and Zucker (1969) the radiated field from a set of

equivalent surface currents can be computed from

A=L ([T (r)=ds, (3.62)

F="([M(r)=—ds (3.6b)
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(3.7a)

(3.7h)

Here A is the electric vector potential, F is the magnetic vector potential and & and

u are the permittivity and permeability, respectively. The parameter @ is the angular

frequency and k is the wavenumber, which is related to the wavelength A by

k=27/2.The distance R is given by R=|r-

r'|, where 1

is the observation point

and 1’ is the source point over the reflector surface. In (3.6), the subscript S denotes

integration over the scatterer surface. From (3.7), the radiated electric and magnetic

field is found by applying the various differential operators on A and F . The result

becomes

H (r)

O )
; kR k R2 k3R3
3
kR k 2R? | R3

+(J- R)R( ))e *¥kds’

1 A 5 H —jkRy, 2 '
—Ejsjlvl xRW(1+ij)e MR 2ds’,

:—”JxR = —— (L+ jkR)e *Rk’ds’

1
ﬁ_sz2 K R3

—553)

+
47rZ0 S

7 D\D J jkR
+(M -R)R(—+ e ®k2ds’,
( ) (kR k?R? kRS))

(3.8a)

(3.8b)
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where

- (3.9)

and Z, is the free-space impedance, Z,=./u/¢ . Notice that (3.8a) and (3.8b) are

exact radiation integrals and are applicable to observation points both in the near-field

zone and in the far-field zone. By using far-field approximation,

R ~ r =|r| for the magnitude factor, (3.10a)

| =

R~r——-r"=r—t-r forthe phase factor. (3.10b)

=

The definitions in (3.10a) and (3.10b) are substituted into (3.8a) and (3.8b), then

Efar(r) - _ JkZO J] (j_(j.f)f)ejkr"fdsr
A <
" (3.11a)
+J—f><”|\ﬁej”"fds’,
A S
_ iK . ero e
H e (F) = — 3% £ [[ Je7ds’
(F) == —Fx j [
(3.11b)

__k
Anl,

”(M —(M -F)P)e’ " ds",

S

If the current distributions are induced by electric and magnetic fields incident on a

perfect electric conducting surface, the fields created by these currents are referred to
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as scattered fields. Therefore, the far-fields are obtained by (3.11a) and (3.11b) by

letting J asin (3.1)and M =0. Thus

E*(r) = —%’Tk [[@-(3-Pe’ds, (3.12a)
S
A2 (r) = —i—kfx ([ 3e*as, (3.12b)
T

S

where 7 is the far-field direction f = F/|F\.

Itis seen that (3.12a) and (3.12b) satisfy the relations

\

EP =Z,H™ xf, (3.13a)

7 far l ~ = far

H _Z—er , (3.13b)
0

which expresses the well-known connection between the E- and H-field for a plane
wave propagation in the direction .

The near-field and far-field are calculated by numerical integration of
(3.8) and (3.11) for exact solution or using integral of (3.12) for PO approximation.
The integral in (3.12) can be transformed into standard two-dimensional (polar

coordinate) to have an efficient procedure (Pontoppidan, 2005) as
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ES(F) = —%Ok [[(T-@-1)P)e*73,p'dp'dg, (3.14a)
T s
H*(F) :—J—kfx j j Je 13, p'dp'dg’, (3.14b)
Az f

where J, is the surface Jacobian transformation given by

J,= \/1+(ij2 +(ﬂ] . (3.15)
OX oy

z = f(x,y) gives the description of the reflector surface and A defines the area of the

projected aperture as shown in figure 3.3. Note that, although integration in (3.14) is

performed over the planar aperture, the current still be defined on the curved reflector

surface.

P(r,60,¢)

Reflector surface

Figure 3.3 Three-dimensional geometry of a reflector ant its parameters.
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3.3 Physical Theory of Diffraction (PTD)

As explained in section 3.2, physical optics gives an approximation to the

scattered field

Es=EP, (3.16)

The physical optics currents approximate the equivalent currents on a scatterer
derived from scattering by an infinite planar surface. Therefore, the radiated field of a
reflector predicted by the physical optics technique is accurate in the main beam
region and for the first few sidelobes. However, for observations in the far-angular
regions or for prediction of the cross-polarized fields, the PO solution may not be
accurate due to the ignorance of the effect of edge diffraction. Physical theory of
diffraction (PTD) is an integrative technique in which the total scattered field is

refined by the adding a fringe field to physical optics field as expressed in (3.17).

EFP =EP +E™, (3.17)

where E”™ is total scattered field from physical theory of diffraction technique, E™

is scattered field due to physical optics current, and E™ is scattered field due to
fringe current (nonuniform current) at the edge of reflector.

The PTD method in this research is based on Michaeli (1986). In Michaeli’s
work, he derived the GTD equivalent edge current by asymptotically reducing the
surface to edge integral for an arbitrary aspect of observation. Later, Michaeli
evaluated the fringe current radiation integral over the ray coordinate instead of over

the normal coordinate. This improvement corrected many of the singularities in



33

Mitzner’s ILDC (Michaeli, 1986). The fringe field due to nonuniform current along

the edge of reflector can be calculated by

E™ = jk[[ 217 (1,)8x (§x€) + M ™ (17 8% € |G (T,
C

F)dl, (3.18)

where k is the wavenumber of incident wave, Z is the impedance of medium, r is

the position vectors of the observation paint, dl = \dﬁ'

im

is the increment of arc length

| along the edge C, and 1’

Is the position vectors of a point on edge C (see

Figure 3.4), which can be obtained by

r!

rim

=r*(v)cosva, +ri(V)sinv'a, +z, (ri(v)cosv, r*(v)sinv')a,  (3.19)

€ is the unit vector tangential to the point on edge Q... (Xins Yiims Zrim) » Which is

obtained by
Ofin 5, Tin 5, Tim
o, OX AF oy Hr oz %
g=——0n— = : (3.20)
’ (6mm)2 Oy (6mmj2
OX oy oz
§" is the unit vector from the feed (X, y;, z;) to the edge (X, Yims Zim) @S

expressed by

~r §_, . rr’|m —I _ (Xrim — X )ax + (yrim — Y )ay + (Zrim —Z; )az

" _ (3.21)
rim — It \/(Xrim _Xf)2+(yrim _yf)2+(zrim _Zf)2
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§ is the unit vector from the edge (X, Yim: Zim) tO the observation point

(X, Y, z), which can be obtained by

S r—r X=x.J)a +(y—-vy,..)a, +(z—-z, )a
fL S Tl )& Y)d (2 2)8, a2

|S| |r_rr'im|_ \/(X_Xrim)z'{_(y_yrim)z_i_(z_zrim)2 .

G(r’ _,F) is the three-dimensional Green’s function which is given by

rim?

n=t" (3.23)

Figure 3.4 Reflector aperture and edge coordinate system.

In Michaeli’s equivalent edge currents (Michaeli, 1986), the final expressions for the

electrical equivalent fringe current (17™) and the magnetic equivalent fringe current

(M ™) are obtained by
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- 2] J2sin
! :(E".e)stn{ > B cos¢’ -g-/,l)|:\/— x/_cos(%)]

NT | —
® Jksin B cos¢' + u

++2cos(%)(ucot f'~cot feosp) (1) *],

-[cot ' cos ¢’ +cot S cos @ (3.24a)

ksin gsin g’ cos¢’'+ u

[ —2cos(4)(1-p) 2 J

(3.24b)

_Cosy— cos’ §'

where u s’ § and cosy =sin j'sin fcos¢ +cos B'cos B . Defining (B, ¢') is
i

the incident wave coordinate system and (3, 4) is the fringe wave coordinate system.

E,' and H_ 'denote the incident electric-and magnetic field vector, respectively, as

shown in Figure 3.5. The radiated fields of the reflector antenna can be obtained by

the summation of physical optics fields of (3.14) and the fringe field of (3.18).

direction of observation
- .
face 2 1. 9 p
e
") s‘i
face 1 ) E
PN
IFFI' AIFH ]
|1 v !
< | CAeNE
J — - \\\\ ¢- : .
- NP
¢, "*-\I
77 N, H,
direction of incident

Figure 3.5 Wedge scattering geometry.
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3.4 Radiation Characteristics of Antenna

3.4.1 Radiation Pattern
The radiation pattern can be expressed as a mathematical function or a
graphical presentation of the radiation properties of the antenna as a function of space
coordinates (Balanis, 2005). In most cases, the radiation pattern is determined in the
far-field region and is represented as a function of the directional coordinates.
Radiation properties include power flux density, radiation intensity, field strength,
directivity, phase or polarization. The far-field pattern is the angular distribution

(0, ¢) of the field quantity on constant radius sphere. A trace of the received electric

(magnetic) field at constant radius is called the amplitude field pattern. On the other
hand, a graph of the spatial variation of the power density along a constant radius is
called an amplitude power pattern. The power pattern is usually plotted on a
logarithmic scale or more commonly in decibels (dB).
3.4.2 Beamwidth
The beamwidth of a pattern is defined as the angular separation
between two identical points on opposite side of the pattern maximum. In an antenna
pattern, one of the most widely used beamwidths is the Half-Power Beamwidth
(HPBW), which is defined by IEEE as: In a plane containing the direction of the
maximum of a beam, the angle between the two directions in which the radiation
intensity is one-half value of the beam (Balanis, 2005).
3.4.3 Directivity
Directivity of an antenna is ratio of the power radiated in a given
direction to the power averaged over all directions (Thomus, 1985). The average

power is equal to the total power radiated by the antenna divided by 47z, which gives
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dP/dQ _, dP/dQ (3.25)

P /47 P

total total

D(0.¢) =

where B, is the total power

2r @

Pow = | P(0,9)dQ = [ [ P(0, #)sin 0dod. (3.26)

The maximum value of directivity D(0,¢) is often called the

directivity of the antenna and it is a measure of the ability of an antenna to concentrate
the radiated power to a certain direction. An isotropic radiator radiates uniformly to
all directions. Directivity is often expressed in reference to an isotropic radiator in
decibels denoted with dBi.

The directivity of the antenna can be estimated to any convenient level.
The most accurate estimate is base on measurements at equal angle increments over
the whole radiation sphere (Thomus, 1985). Estimating directivity of antenna when

the E-and H-plane pattern beamwidths are known, the directivity can be obtained by

_47(180/x)’ _ 41,253

D - )
0.0, 0.0,

(3.27)

where . is half-power beamwidth in E-plane (degree),

®,, is half-power beamwidth in H-plane (rad).
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Many times, it is desirable to express the directivity in decibels (dB)
instead of dimensionless quantities. The expression for converting the dimensionless

qualities of directivity to decibels (dB) is calculated by

D(dB) =10log,, [ D(dimensionless)]. (3.28)

3.4.4 Antenna Efficiency

The total antenna efficiency e, is used to take into account losses at

the input terminals and within the structure of the antenna. Such losses may be due to
1) reflections because of the mismatch between the transmission line

and the antenna

2) 1°R losses (conductionand dielectric)

In general, the overall efficiency can be written as (Balanis, 1985)

e, =€,€.8,, (3.29)

where ¢, is total efficiency (dimensionless),
is reflection (mismatch) efficiency = (1-]1“|2) (dimensionless),
is conduction efficiency (dimensionless),
e, Is dielectric efficiency (dimensionless),
I is voltage reflection coefficient at the input terminals of the antenna,
[T =(Z,-Z,)!(Z,,+Z,) where Z, is antenna input impedance, Z, is characteristic

impedance of the transmission line],
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. . 1+
VSWR = voltage standing wave ratio = | |

i 3.30
1] (3:30)

Usually e, and e, are very difficult to compare, but they can be determined

experimentally. Even by measurements, they cannot be separated, and it is usually

more convenient to write as

8 =88y =6, (1], (3.31)

where e, =e_e, is antenna radiation efficiency, which is used to related the gain and

directivity.
In the case of aperture antennas, antenna radiation efficiency can be

obtained by
e, =G,(4, / 7D,)?, (3.32)

where G, is the antenna gain, A, is free space wavelength and D, is aperture

diameter.
3.45 Gain
When the antennas are used in any system such as communication
systems, the primary interested characteristic of an antenna is the gain. It is a measure
of how much of the input power is concentrated in a particular direction. Gain of an
antenna (in a given direction) is defined as the ratio of the intensity, in a given
direction, to the radiation intensity that would be obtained if the power accepted by

the antenna were radiated isotropically. The radiation intensity corresponding to the
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isotropically radiated power is equal to the power accepted (input) by the antenna

divided by 4 (Balanis, 2005). The gain equation can be expressed as

oun—4r ey O10) =
The radiation intensity can be represented by

U(9,¢)=%Re(ExH*)~r2f:7E(0;;)’2r2. (3.34)
The antenna gain is related to the directivity by

G(6,4)=e,D(0.9), (3.35)

where e, is the antenna radiation efficiency, which includes the losses within the

antenna. Impedance and polarization mismatch losses are not included.
3.4.6 Polarization

Polarization of an antenna in a given gain is defined as the polarization
of the wave transmitted (radiated) by the antenna. Polarization is classified as linear,
circular and elliptical based on the shape of figure that the electric field vector end
point draws as the function of time. In general, the polarization characteristics of an
antenna can be represented by its polarization pattern whose one definition is the
spatial distribution of the polarizations of a field vector excited (radiated) by an
antenna taken over its radiation sphere. At each point on the radiation sphere the

polarization is usually resolved into a pair of orthogonal polarizations, the
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co-polarization and cross-polarization. Co-polarization is the polarization that the
antenna is intended to radiate or to receive. The orthogonal polarization to the

co-polarization is called cross-polarization.

3.5 Numerical Example for Reflector Antenna Analysis

It is well know that the radiated field of a reflector antenna predicted by using
PO is accurate in the main beam region and for the first few sidelobes. However, for
observations in the far angular regions, the PO solution may not be accurate due to the
ignorance of the edge diffraction effect. Therefore, it is desirable to apply the PTD
fringe field in reflector antenna analysis as a complement to the PO field, and
investigate the improvement in field prediction. For this purpose, the numerical
example for reflector antenna will be presented in this section to demonstrate the
effectiveness of the PTD fringe field to improve the PO field. As shown in Figure 3.6,
the antenna under consideration contains a reflector by using backscattering technique
to achieve wide beamwidth, and feed horn. A standard X-band pyramidal horn is used
to be feed of the antenna. The geometry of pyramidal horn is shown in Figure 3.7.

The horn dimensions are p, =p,=2.31 (6.9cm), a =151 (4.5cm), b =1.64

(4.8cm), a=0.764 (2.28 cm), and b=0.344 (1.02 cm). The feed horn is placed at a
position that estimates illumination the reflector edge with -10 dB when compared
with the illumination at the center of reflector. The figure of merit of -10 dB edge
illumination may be considered as a compromise between the amount of spillover, on

the one hand, and the efficient illumination of reflector surface on the other.
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(@) Antenna geometry

(b) Antenna prototype

Figure 3.6 Reflector antenna geometry and its prototype.
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(c) H-plane view

Figure 3.7 Pyramidal horn and coordinate system.
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The procedure for analysis the radiation pattern of reflector antenna by using
PO/PTD is described in the following.

(1) To define the inputs of geometrical and electrical parameters such as
frequency of operation, reflector geometry (diameter, position and its equation) and
feed characteristics (feed type and position). In this example, we have analyzed the
radiation pattern of reflector antenna at frequency 10 GHz. The reflector curve is

quadratic equation that depends on the parameters D, , A and L. The equation of a

quadratic is of the form

2
Lo (er) = A{l_(z erj ]_ L, (336)
Dm
. D D
with ——%<x  <—*
2 2

D,_ is defined to be the diameter of quadratic reflector (30 cm) and A is the

convexity of quadratic reflector (3.5 cm) and L is feeding distance (17 cm). The
10 GHz standard X-band pyramidal horn is used to be a feed of the antenna.

(2) To calculate the horn aperture surface and current: Defining a coordinate
system centered on the horn aperture with the x axis parallel to the broad dimension

of the horn and the z axis pointing out along the normal of the aperture, x and y
coordinate of feed aperture sampling is illustrated in Figure 3.8. For a pyramidal horn,

the aperture electric (E?®) fields and magnetic fields (H?) in the aperture plane are

approximated by Balanis, (2005)
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E, =E,cos| — |e : (3.37a)
a
12 _jk L’z+y7,2
H;:_Ecos[”" je (2”2 2"1], (3.37b)
n 8

where 7 is the intrinsic impedance of the medium (=120x ohms for a free space

medium). The electric and magnetic currents at the aperture of feed horn are given by

J =AxH", (3.38a)

M =-AxE?, (3.38h)

where A =2 is normal unit vector pointing out along the normal of the horn aperture.
The far-field of pyramidal horn can be predicted by using the aperture field
integration method. With the equivalent electric and magnetic currents, the electric
and magnetic fields can be obtained by using (3.8). The integration is performed over

the horn aperture,

b/2 al2
j ds! = j j dx'dy’. (3.39)
> by /2512

The far-field radiation pattern of the pyramidal horn is shown in Figure 3.9.
The relative power of this horn at the angle +28° in E-plane and the angle +41° in
H-plane provide -10 dB edge illumination on reflector and provides feeding distance

about 28 cm in E-plane and 17 cm in H-plane.
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Figure 3.8 The sampling points in the x and y directions of feed aperture.
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Figure 3.9 Radiation patterns of standard X-band pyramidal horn.

(3) To calculate the physical optics currents on the reflector surface: The
physical optics currents on reflector surface can be obtained directly from the
components of the incident field tangential to the reflector at each point on its surface

as shown in Figure 3.10.
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ES(F), H* (%)

--------

Figure 3.10 PO/PTD for reflector antenna analysis.

The incident magnetic fields (H') can be obtained by (3.8b) and replace

electric current (J) by J,(r/) and (M ) by M_(r) as expressed in (3.40).

3(r) =4ijsj %(u jkR)e kds;
r i
M. (F )(_ﬁ_k 2n7 T3 R3) (3.40)
+(Ma( ) RR( ))e RK2ds!

kR kR2 kR3

Where J_(F') and M_(F)) is the electric and magnetic currents on horn aperture at
-, respectively. 1, and 1, are the position vectors of source points on horn aperture

and observation points on the reflector surface, respectively. R =

between source points on horn aperture and observation points on the reflector surface

and FAQ:rm—ra’/

r,—T,|. s, is the surface areas of the samples on the horn aperture.
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The integration is performed over the horn aperture as expressed in (3.39). When we

know the incident fields from feed, the physical optics current on reflector surface can

be obtained by J™ =2fixH' as expressed in (3.1). A is the normal unit vector
pointing out along the normal of the reflector surface.

(4) To calculate the fringe currents on the edge of reflector: The electrical
equivalent fringe current (1™) and the magnetic equivalent fringe current (M ™) on
the edge of reflector can obtain by (3.24a) and (3.24b), respectively. E,' and H_' in
(3.24a) and (3.24b) denote the vectors of incident electric and magnetic fields,

respectively, which impinge upon the edge of reflector, respectively. E,' and H,' can

be obtained by
£, =»U<J a2 e 220509
kR KR K R3
- 3
J R)R KRk 2ds! 3.41
+(J,(H)-R) (kR k WRE kR3))e S, (3.41a)

- [[m, )R (L JKR)e 7K,
7 S

= ”J()XR ~(1+ jkR)e "*K?ds]

I’Im

M (F) -ﬁ- : Rz kSJR ) (3.41b)

+(Ma( ) R)R( ))e MRk2ds],

kR kR2 kR3

where J_(r/) and M_(F}) are the electric and magnetic currents on horn aperture at

r,, respectively. r, and r, are the position vectors of source points on horn aperture

rim

and observation points on edge of reflector, respectively. R —]
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between source points on horn aperture and observation points on edge of reflector

and R=r,, -1, /|F,, —T.|. s, is the surface areas of the samples on the horn aperture.

(5) To calculate the scattered fields due to the physical optics currents: The

scattered field due to the physical optics current can be obtained by (3.8) or (3.12) for

far-field and then replaced electric current (J ) by J™°(F’) as expressed in (3.42)

£°(r) =2 [ 37°() £ (770 Pyfge s, (3.422)
4 s
dS(v Jk °~ T PO (= \A iKEn T 4ot
H(F)=——r J7(r))e ™ ds’ | 3.42b
(F) == jsj () : (3.42b)

where J™°(r") is the physical optics currents on reflector surface at r’. r’ and r are
the position vectors of the source points on reflector surface and observation points in

far-field zone, respectively. f is the far-field direction where f:f/|f|. s is the

surface areas of the samples on the reflector surface.

(6) To calculate the fringe fields due to the fringe currents: The fringe fields
due to the fringe currents can be obtained by (3.18).

(7) To calculated total scattered field: The approximation of physical optics
current in (3.1) ignores the fact that the scatterer may be of finite size and may have
sharp edge. This problem is considered more carefully in PTD where a “fringe field”

is added to the PO field for constructing the total scattered field,

EFP=EP +EP. (3.43)
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The PTD procedure for analysis the radiation pattern of reflector antenna as

described above can be summarized in Figure 3.11.

calculate the
Geometry of reflector scattered fields
- Diameter calculate the | duetothe
- Equation of reflector physical opties physicals optics Radiation characteristics
currents on the currents -radiation pattern
surface and the _HPBW
fringe currents on -gain
Feed characteristics the edge of calculate the -other
- type, position =P reflector > fringe fields due >
to the fringe
currents

Figure 3.11 Analytical procedure for PTD.

For numerical example, we have analyzed the radiation pattern of quadratic
reflector antenna with diameter 30 cm, the convexity of a quadratic reflector 3.5 cm
and feeding distance 17 cm. The PO and PTD procedure as described above, the far-
field patterns of the quadratic reflector antenna in E-and H-plane are illustrated in
Figure 3.12. It is found that in the near-in angular region, the PO and PTD are in
perfect agreement. This is because the PO currents are set to zero in the shadowed
region, creating shadow boundary on the reflector surface. In addition, the
discontinuity of the current density over the rim of reflector is neglected. These
approximations lead to accurate results for the radiated fields on the near-in angular

region.
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Figure 3.12 Far-field patterns of the quadratic reflector antenna by using PO/PTD.
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It is observed that the envelope errors at 0°<6<10° of E- and H-plane
patterns are lower than 0.5 dB. To predict the pattern more accurately in all regions,
especially the far angle region, diffraction techniques are applied. It is commonly
argued that the field pattern results by PTD vyield the accuracy more than by PO
method, especially, in the far angular region. It is also observed that, the field patterns
in the E- and H-plane, which are predicted by PTD, yielding the far-field envelope
higher than by PO method.

Although the patterns in Figure 3.12 at first sight look identical but there are in
fact discrepancies in the region behind the reflector, i.e. for 70° <8 <180°. In Figure
3.13, the discrepant region is zoomed to illustrate the difference of calculated results
by PO and PTD. It is found that the results by using this two methods clearly disagree

by as much 10 dB on some of the lobes for E- plane and as much 5 dB for H-plane.

— PO
5} —PTD|]

-10F

15

Gain (dB)

-20}F

-25F

8

80 100 120 140 160 180
Theta (degree)

-30

(@) E-plane

Figure 3.13 Close look at the rear pattern in E-and H-plane.
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Figure 3.13 Close look at the rear pattern in E-and H-plane (Continued).

To verify the radiation characteristics, the experiment was set up at the
frequency of 10 GHz to measure the E-and H-plane radiation patterns of quadratic
reflector antenna. The quadratic reflector is duplicated to the curve surface by using the
computer numerically controlled (CNC) machine. The prototype of a quadratic reflector
antenna is shown in Figure 3.6(b). The far-field patterns of quadratic reflector antenna
in the E-plane and H-plane pattern are compared with the simulated results, which are

calculated by using PO and PTD as shown in Figure 3.14(a) and 3.14(b), respectively.
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Figure 3.14 Far-field patterns of the quadratic reflector antenna.
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Because of the feed blocking effect by simulation is neglected, therefore, the
dip in pattern boresight from measurement of around 4 dB are occurred. Nevertheless,
we found that the small ripple appears on the envelope of measured patterns, which
are caused from some multipath effect that provided by construction of feed horn and
metallic masts. Furthermore, if we compare the average levels on the all curves of
each plane in far-angle region, it will be observed that a difference from measured
pattern on the order of 1 dB approximately for PO and 0.3 dB for PTD. It is seen that
PO predicts the field error more than PTD when compared its calculated results with
measured results. This is attributed that no including the effects of edge diffraction
into the field calculation by PO method. However, the agreement between simulated
and measured results is satisfactory. In Table 3.1, the verification between simulation
and experiment has been presented in the parameters of maximum gain and HPBW.
The maximum gain of simulated results by using PO in the E-and H-planes pattern are
higher than the measured results around 0.18 dB and 0.02 dB, respectively, while the
maximum gains of simulation by using PTD are higher than the measured results
around 0.13 dB and 0.01 dB, respectively. Besides that the measured results of
HPBW are wider than the simulated results around 4° in E-plane and 2° in H-plane
for PO and around 2°in E-plane and 1° in H-plane for PTD. Therefore, it can be
summarized that the maximum gain and HPBW between simulated and measured
results can show some minor differences both in the E- and H-plane patterns. An
additional cause of asymmetry observed in the measured patterns is (the combination

of) the small defocusing and mispointing of the feed, i.e., feed displacements and tilts.
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Table 3.1 Comparison of simulated and measured results for antenna characteristics.

Antenna characteristics E-plane H-plane
Maximum gain (PO) 8.20dB 7.76 dB
Maximum gain (PTD) 8.05dB 7.75dB
Maximum gain (measured) 7.92 dB 7.74dB
HPBW (PO) 66° 98°
HPBW (PTD) 68° 99°
HPBW (measured) 70° 100°

3.6 Chapter Summary

PO and PTD formulations are presented in this chapter. For the PO technique,
the electric and magnetic fields can be obtained by the integration of a current
distribution. The currents induced on the reflector surface are obtained directly from
the components of incident fields tangential to the reflector at each point on its
surface. These currents are then reradiated to the far-field to produce the patterns. PO
is extended by PTD to include the diffraction field leading to more accurate
calculation. These augmentations to cover diffraction effects from the rim of reflector
increase the accuracy of the pattern beyond the main beam and in the far-angular
region since the pattern in this region is dominated by diffraction effects. In addition,
the numerical example for antenna analysis by using PO and PTD techniques were
developed to solve the problems of single reflector antenna. The PO field was
compared to the solution obtained from the PTD. It was found that the effect of PTD

fringe field is important in the far-angular regions. It was cleared that the far-field
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envelope predicted by PTD is higher than by PO. In the analysis of dual reflector
antennas, electromagnetic energy emitted from the feed reflects on the subreflector
and it advances toward the main reflector where it reflects again toward the out going
field. The details of dual reflector antenna analysis, which focus on axially displaced

ellipse will be presented in the next chapter.



CHAPTER IV

ANTENNA ANALYSIS AND DESIGN

4.1 Introduction

Reflector antennas are used in terrestrial and satellite communications, radar
applications, and radio astronomy. Typically uses reflector antennas include radio
links, satellite broadcasting and reception antennas, and radio telescopes. Reflector
antennas are especially suitable for high gain narrow beam antennas with low side
lobes. Reflector antennas can also be used for multiple beams and shape beams. The
reflector surfaces used in reflector antennas are usually based on conic section such as
parabolic, hyperbolic, elliptical, and spherical surfaces. Usually, parabolic antennas
are used in applications. where high gain is desired. The simplest antenna structure
uses a front-fed parabolic with feed in the parabolic focus. It has the disadvantage that
the feed and its support structure block antenna aperture. This blockage reduces the
aperture efficiency and antenna gain. In addition, scattering from the feed structure
increases sidelobe in the radiation pattern. Aperture blockage can be avoided by using
an offset feed. However, the offset structure is mechanically more complicated and
the asymmetrical structure causes cross polarization. To improve the performance of
antenna radiation, the dual reflector antenna has been used in order to reduce spillover
and sidelobe level and improve antenna gain. The basic dual reflector antennas are
based on Cassegrain and Gregorian. However, the main disadvantage of these
configurations is the subreflector blockage. This problem can be minimized by reduce

the incidence of main reflector reflected rays upon subreflector. As describe in chapter
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2, the axially symmetric dual reflector antennas that avoid the main reflector radiation
toward the subreflector are considered. These antennas are characterized into four
distinct types of axially symmetric dual reflector antenna i.e. axially displaced
Crassegrain (ADC), axially displaced hyperbolic (ADH), axially displaced Gregorian
(ADG), and axially displaced ellipse (ADE). It was found that the ADE provides high
efficiency and a compact geometry, suitable for compact high gain spacecraft antenna
applications (Prata et al., 2003). In the available literature, the main reflector of ADE
antenna is parabolic and subreflector is portion of an ellipse. However, little
information is available on the performance of the ADE configuration when the main
reflector is not parabolic and backscattering technique to achieve wide beamwidth is
used with main reflector. In this thesis, geometry of proposed antenna consists of a
main reflector by using backscattering technique, portion of an ellipse subreflector
and a conical horn antenna. The shape of main reflector is simple elementary
geometrical equation such as quadratic and Gaussian (Thaivirot et al., 2008).

This chapter presents analysis and design of ADE antenna. In the first section,
the conical horn antenna which is used to be a feed of the ADE antenna is presented.
Next section gives the details of the ADE reflector antenna such as antenna geometry
and its advantages. The design and numerical examples of ADE reflector antenna,
which are compared with both computational and experimental data published in the
literature, have been conducted to justify the validity of the computer program. In
section 4.4, the design and analysis of ADE backscatter antenna which is proposed
antenna in this thesis will be presented. To represent the ADE backscatter antenna,
several sets of input parameters representing various solutions have been considered.

The radiation patterns of ADE backscatter antenna for the subreflector and the main
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reflector are calculated by employing PO and PTD techniques. Representative
examples will be presented to demonstrate the effectiveness of the PTD fringe field in

the improving the PO field.

4.2 Conical (Corrugated) Horn Antenna

In this thesis, a conical horn has been used to be a feed of the antenna. The
geometry of conical horn is shown in Figure 4.1. The first rigorous treatment of the
fields radiated by a conical horn is that of Schorr and Beck (Schorr and Beck, 1950);
(Balanis, 2005). The conical horn is a flared circular guide aperture, illuminated by
the incident circular guide modes. The modes within the horn are found by
introducing a spherical coordinate system and are in terms of spherical Bessel
functions and Legendre polynomials. When the flare angle is small (less than 90 deg),
the aperture fields can be approximated by the circular guide fields modified by the
phase curvature introduced by the flare. In the case of the circular conical horn, the
phase distortion is spherical, centered on the single apex of the cone (Diaz and

Milligan, 1996).
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Figure 4.1 Geometry of conical horn (Balanis, 2005).

The incident modes are the TE and TM circular guide modes supported in the
waveguide. Hybrid modes occur in dielectric-loaded or corrugated cylindrical region,
along with TE, TM and hybrid EH modes. The HE;; mode consists of degenerate
TE;; and TM; modes in phase, and has symmetrical E- and H-plane pattern without
sidelobes and excellent polarization purity. For a corrugated or dielectric-loaded
circular horn with a reasonable flare angle, the aperture TM fields are given by Diaz

and Milligan (1996) and Clarricoats and Olver (1984)

E, =Z,73, (K,mp)( A, cos(ng) + B, sin(ng)), (4.1a)
E,=-iZy :Z"m 3; (K o ) (A, cos(ng) + B, sin(ng) ), (4.1b)
E, =—iZ,y kk;”m Ny (Kmp)(B, cos(ng) — A, sin(ng) ). (4.1c)

ponm
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The TE fields are

E,=0, (4.2a)
. @ N .

E,=-] kz—“— 3, (K ) ( Ay COS(Ng) + B, sin(ng) ), (4.2b)

pnm
. oOu :

E, = Jk_ﬂ N (kpnmp)(—Bp cos(ng) + A, sm(nqﬁ)). (4.2¢)

pnm

The Bessel function of the first kind of order n and its derivative with respect

to its argument are given by J.(u) and J/(u), respectively. The order n is the

circumferential mode number and represents the number of half-wavelength field
variations around the circumference of the circular waveguide. The radial

wavenumber K is the mth root of the characteristic equation for hybrid modes,

m

J,(k,R)

=0, (4.3)

oK Rou
k, n Z,

[ SR

: el
n P
ko 1/
" )-X L (k,R)
y2)
which is function of the reactance of the corrugated horn or dielectric-coated walls

X, and the radius of the circular waveguide aperture, R. Since the corrugated surface

is assumed to be lossless, the surface impedance is purely imaginary. The reactance is

X, =Z,tan(k,d), (4.4)
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where Z, is impedance of free space, k, is wavenumber, and d is dielectric

thickness.

Once (4.4) is solved for the appropriate k ., the hybrid mode ratio y is

nm?>

obtained with

]/ :1 P — n (4'5)

where the minus sign corresponds to the HE modes and the plus sign corresponds to

EH modes. The axial wavenumber is given by

k, =.k2-K’ (4.6)

pnm *

The coefficients A, and B specify the relative amplitudes of the sinusoidal

and cosinusoidal circumferentially varying fields.
The radiation pattern of a 3.1754, 28.43° flare angle corrugated horn is shown

in Figure 4.2. The corrugations are assumed to be a quarter wavelength deep,
presenting an infinite surface reactance to the conical region fields. The radiation

pattern of corrugated conical horn has symmetrical E- and H-plane without sidelobes.
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Figure 4.2 Radiation pattern of corrugated conical horn.

The case of conical horn (smooth wall horn) provides the zero of the Bessel
function associated with the mode is known. The radial propagation constant is

(Bessel function zero)/radius. The aperture fields are given by

iz , k,n
Ep = |:—VM k—o(klnm‘]n(kpnmp))+VE kL‘]n(kanp):l’

- - (4.7a)
x( A, cos(ng) + B, sin(ng))
jZO k nmn !
Equ = -V, Z—Jn(kpnmp) +VEkznm‘]n(kpnmp) :
kpnm kpnm (4.7b)

X ( B, cos(ng) — A, sin(n¢))
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The TE mode currents for a smooth wall conical horn can be found by setting

V. =1 and V,, =0 and by using the zero of the derivative of the Bessel function

J; (k R) to find the radial propagation constant,

phm
K,om = Xon / Radius. (4.8)

The TM mode can be entered in a similar manner by using V; =0 and V,, =1

and using the zero of the Bessel function for the radial propagation constant. In this
thesis has used conical horn for TE;; mode to be feed of the antenna. The details of

the design procedure for a conical horn antenna are described in appendix A. The

radiation pattern of a 3.1751, 28.43° flare angle conical horn is shown in Figure 4.3.
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Figure 4.3 Radiation pattern of conical horn antenna.
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4.3 Axially Displaced Ellipse Reflector Antenna

An alternative dual reflector antenna design that minimizes several of the
problems described above is the axially displaced ellipse reflector antenna or ADE
reflector antenna geometry. ADE reflector antenna may be considered as a special
case of the generalized Gregorian system, in which the focal axis of the main
parabolic is displaced from the axis of symmetry, which contains the prime focus of
the ellipse subreflector. The locus of the secondary foci of the subreflector forms a
ring through which all the ray pass, which coincides with that of the main reflector as
shown in Figure 4.4. The parameters of the ellipse and the parabolic are chosen so that
the central ray from the prime focus reaches the outer edge of the main reflector while
the inner ray clears the outer edge of the subreflector after reflection from the main
reflector. Advantages of the ADE antenna are:

(1) The rays are not reflected into the feed horn from the subreflector nor
back into the subreflector from the main reflector. Also, the aperture illumination for
the radiated wave is more uniform than in the standard Crassegrain or Gregorian
configuration: all emitted rays miss the subreflector, leading to the higher aperture
efficiency.

(2) Because of the displaced axis geometry, there is no blockage by the
subreflector, and this property also improves the feed mismatch caused by the
reflection from the subreflector. It also permits the use of a smaller subreflector in
close proximity to the feed, reducing rear radiation.

(3) The main reflector can be made considerably smaller than the
conventional design, leading the compact antenna design with reduction in far-out

sidelobes.
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Figure 4.4 ADE reflector antenna geometry.

4.4 Design Examples of Axially Displaced Ellipse Reflector

Antenna
In dual reflector geometry, it is customary to define the main reflector in

(Oprs> Xyrs Yur»Zyr) coordinate system and subreflector in (Og, Xeg,Yer,Zsr)

coordinate system and to have a symmetry antenna coordinate system (G, X,Y,Z ) in
which the main reflector and subreflector are finally expressed. Note that the antenna
arrangements are proposed, O,,; =0Og =0.

The design procedure of ADE reflector antenna in this section is based on
(Granet, 1999). The cross section view of ADE reflector antenna as shown in

Figure 4.5, the main reflector is parabolic and subreflector is a portion of an ellipse.
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Antenna geometry is defined with a system of eight input parameters, namely:

D,.F.D,,0,, L, L,a, and f, where (see Figures. 4.5 to 4.7):

D,, :diameter of the main parabolic reflector,

F :focal distance of the main reflector,

D, :diameter of the elliptical subreflector,

6, :angle between the Z axis and the ray emanating from the focus, F,, of
the antenna in the direction of the subreflector edge,

L, :distance between the focus, F,, of the antenna and the projection of the,
bottem-edge of the half-main-reflector onto the Z axis,

L, :distance between the focus, F;, of the antenna and the apex of the

subreflector,

a and f : parameters defining the geometry of the subreflector.

Xmr
R1
Zsr
a
QE
0 ¢ P2
Zmr
: . ,,.-"’"'- wlj\i’_,-—" [ .
m ’-/'-—"’r" \\ Hv,
i := ‘—‘f&:‘::”'\ eg ~ ¥y~ -7
i - ol
3 F E
= -

Figure 4.5 A cross-section view of a the axially displaced ellipse antenna system.
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Figure 4.6 Cross-sectional view of the elliptical-subreflector coordinate system

with its parameters.

Figure 4.7 Distance relationship in an ellipse.

For the definition of the main reflector geometry, only the upper part of the

(Oprs> Xyr>Zyr) plane is considered. The parabolic main reflector profile, z,, (X, ),

depends on the real parameter F and its equation is expressed by

2
(er) _ F,

zmr(xmr) = 4F

(4.9)
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0<x <—m_—s (4.10)

The elliptical subreflector profile, z,,(X,, ), is defined in the (Og, Xz,Z4)
plane and depends on the two real parameters a and f. The equation of elliptical

subreflector is of the form

2
2,(x,)=a, |1+ f(;(i)az 1. 4.11)

In the case of ellipsoid, we have possibilities @ > f > 0. The parameter f is the half

distance between the foci, and a is the half major axis of the ellipse. The eccentricity

. 1s expressed in the mam reflector coordinate system as

: f
ise=—. X
a

_DS

<[x]
2 ~ L7 ST JExpressed in the MR coordinate system —

(4.12)

The subreflector can express in the main reflector coordinate system by using

the angle ¢ and then express both main reflector and subreflector in the antenna
coordinate system (G,X,Y,Z). The antenna has a circularly symmetric shape and

spinning this geometry around the antenna axis of symmetry produces three-
dimensional of ADE reflector antenna. In designing the antennas, there are two main

properties of the Gregorian system:
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(1) The path length is the same for any ray from the focus, F,, to the

aperture, i.e., using the extreme rays, thus

IFRI+IRQ[+IQR]=IFR[+[PQu] +[Q:R[- (4.13)

(2) The distance relationship in an ellipse gives (Brown and Prata, 1994)

|F,P[+[oP] =2a. (4.14)

To design the ADE reflector antenna, we have to know the parameters i.e.

D,.F.D,,0,,L,, L,a, and f. Because these parameters can not be specified

s Yeo
arbitrarily, therefore, five input parameters i.e. D, A, D, L and 6, are chosen to
define the antenna. Then, using the fact that the path length is the same for any ray

from the focus to aperture, along with formulas related to paraboliod and ellipsoid, the

remaining design parameters in terms of these input parameters can obtain by

L FD, D] cos(6,)+1 4.15)
" D ,-D, 4| sin@,) | '
2
tan(¢) = cos(d,)+1  4F (4.16)
sin(@,) D, - D,
T (4.17)

4sin(g)’
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8F(Dm—Ds)

) = Om_Dsy _16F%” (418)
Ls=2f cos(¢)+ D, (4.19)
N 2tan(y)’ '
(-2feioynr], ey o

8 | sin(6,) 2(D,, D)

Now, all the parameters necessary for representing the ADE reflector antenna
system are defined. The numerical example of the ADE reflector antenna is presented
in this section. A computer program by using Matlab is developed to perform analysis
radiation pattern of ADE reflector antenna. The numerical simulation, which is
compared with computational data published in the literature such as Granet (1999)
and Kumar (2009), has been conducted to justify the validity of the program.
Representative examples are presented in the following.

In the first example, the geometry of ADE reflector antenna system is shown
in Figure 4.8, where a parabolic main reflector is used in conjunction with a portion of
an ellipse subreflector. To justify the validity of the program, this analysis is
compared with Granet (1999) with the same input parameters of ADE reflector
antenna. Granet analyzed and designed antenna at 3.8 GHz (using physical optics on
both reflectors, and assuming a theoretical Gaussian feed). The antenna has been

designed by using input parameters ie. D,=8m, F=47m, D,=12m and
6, =15°. The remaining design parameters in terms of these input parameters can be

obtained by using (4.15)-(4.20), thus L =3.2506m, L, =2.1702m, a=1.554 mand
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f =0.7843 m. A corrugated conical horn as described in section 4.2 has been used to

be feed of the antenna. Physical optics is used to analyze radiation pattern of ADE

antenna on both reflectors and compared with Granet work.

1 p——
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Figure 4.8 The ADE antenna geometry, D, =8 m,F =4.7m, L, =3.2506 m,

D,=12m, L, =2.1702 m,a=1.554m, f =0.7843m,6, =15°.

The simulated radiation pattern of ADE reflector antenna, which based on the
developed PO analysis tool by using Matlab is plotted together with the simulated
pattern, which was developed by Granet (1999) as expressed in Figure 4.9. This plot
shows good agreement between both simulated radiation patterns. However, small
different in the radiation pattern is cause of the different in the feed system, which is

used in simulation.
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Figure 4.9 Radiation pattern of ADE reflector antenna compare with Granet (1999).

The example of ADE reflector antenna as-described above has been analyzed
by using PO at the frequency of 3.8 GHz. In order to consider ADE reflector antenna
performance, we will compare radiation pattern of ADE reflector antenna with the
front-feed single reflector antenna and classical Cassegrain dual reflector antenna as
shown in Figures 4.10 and 4.11. The radiation patterns of front-feed single reflector
antenna, classical Cassegrain dual reflector antenna and ADE reflector are shown in
Figures 4.12 to 4.14, respectively. It was found that the antenna gain of single
reflector antenna, classical Cassegrain dual reflector antenna and ADE reflector
antenna are around 41 dB, 48 dB, and 49 dB, respectively, corresponding to the
antenna radiation efficiency of 12%, 62%, and 78%, respectively. The main
conclusion of this analysis is that the ADE reflector antenna offers better gain and
radiation efficiency. On the other hand, the radiation pattern first sidelobe for the

ADE reflector antenna is higher than for the classical Cassegrain systems.
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Figure 4.10 Geometry of front-feed single reflector antenna

with D, =8 m and F =4.7m.
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Figure 4.11 Geometry of classical Cassegrain dual reflector antenna

with D, =8 m, D, =1.2mand F =4.7m.
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Figure 4.13 Radiation pattern of classical Cassegrain dual reflector antenna.



77

Gain (dB)
[\ 98] o i
$ 3 3 3

—_
=

-101

2% -4 2 0 2 4 6
Theta (degree)

Figure 4.14 Radiation pattern of ADE reflector antenna.

In the next example, the ADE reflector antenna geometry with an electrically
small aperture and its prototype are illustrated in Figure 4.15 and Figure 4.16,
respectively. This antenna geometry was constructed by Kumar et al (1999). They
analyzed and designed the ADE antenna at 8.484 GHz (the performance of the ADE
antenna has been simulated in the commercially available reflector analysis program
GRASP-9 from TICRA). A corrugated conical horn having symmetric radiation has
been used to be feed of the antenna. The antenna has been designed using input
parameters, D, =70 cm, F =18 cm, D, = 7 cm, and 6, =25°. The remaining design
parameters in terms of these input parameters can be obtained by (4.15)-(4.20), found

that L, =12.1063 cm, L, =6.3625 cm, a =4.9469 cm, and f =3.4273 cm. Physical

optics is used to analyze radiation pattern of ADE antenna on both reflectors and

compared with Kumar work.
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Figure 4.15 The ADE antenna geometry, D, =70 cm, F =18 cm, L, =12.1063 cm,

D, =7 cm, L, =6.3625 cm, a =4.9469 cm, f =3.4273 cm, 6, = 25°.

Figure 4.16 Photograph of the realized 70 cm diameter ADE antenna. Enlarged view

of the subreflector is shown in the inset (Kumar et al., 2009).

The simulated radiation pattern of the ADE antenna without any studs, which
is simulated by using PO on both reflectors is compared with radiation pattern of
Kumar et al. (2009), which was simulated by using commercially analysis program

GRASP-9. The measured radiation pattern by Kumar et al. (2009) is plotted together
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with the simulated pattern as shown in Figure 4.17. This plot depicts very good
agreement between the measured and simulated pattern. The small different between
simulated and measured result is cause of simulation is without any studs, while the
measurement is with studs. The results from the presented examples provide the
confidence that the PO, which is developed by computer program, is accurate for

prediction the field.
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(Kumar, 2009)
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Figure 4.17 Radiation pattern of ADE reflector antenna compare with

(Kumar, 2009).

4.5 Axially Displaced Ellipse Backscatter Antenna

4.5.1 Design of Axially Displaced Ellipse Backscatter Antenna
The geometry of axially displaced ellipse backscatter antenna, which is
proposed antenna in this thesis, is shown in Figure 4.18. The antenna has axial

symmetry. The curvature of main reflector is Gaussian, and the subreflector is a
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portion of an ellipse. The three dimentional reflector surface is yielded by spinning
the generating curve around the z-axis (symmetry axis). The design procedure is same
in the section 4.4 and based on Granet (1999), where, again, we are dealing with a

system of nine parameters defining the overall geometry of the antenna. These

parametersi.e. D ,L,A D, 6., L , L, a, and f (see Figs. 4.18 to 4.19) where

D,, :diameter of the main reflector,

L :distance between point, F;, of the antenna and the projection of the
bottom-edge of the half-main-reflector onto the axis,

D, :diameter of the elliptical subreflector,

A : parameter to define the convexity of the main reflector,

: angle between the Z axis and the ray emanating from the point, F;, of

the antenna in the direction of the subreflector edge,

L, :distance between the point, F , of the antenna and the projection of the
top-edge of the half-main-reflector onto the Z axis,

L, :distance between the point, F,, of the antenna and the apex of the

subreflector,

a and f : parameters defining the geometry of the subreflector.
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Figure 4.18 A cross-section view of a the axially displaced ellipse

backscatter antenna.

Figure 4.19 Cross-sectional view of the elliptical-subreflector coordinate system.
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The main reflector is Gaussian equation as shown in (4.21). The

subreflector is the portion of an ellipse as expressed in (4.22)

z. (X, )=Ae > —L, 4.21)

2
2,(x,)=a[I+ f(fsi )a2 . (4.22)

Taking into account all of these factors, several sets of input

parameters representing various solutions have been considered. In this thesis, we will
consider eight sets of input parameters. From these input parameters and using
distance relationship in an ellipse in (4.14), the overall parameters of the antenna are
derived in close form. Table 4.1 presents eight cases where five input parameters are
used, and the unknown parameters are determined. List of equations for eight case of

input parameters are:

Set 1: Input parameters are D, , L, A, D, and@,, which unknown

parameters are in the form

(D, - D)

: 4.23
oL (4.23)

tan(y) =

tan(g) = 2 } (4.24)

cos(6,)+1 cos(y)+1
sin(6,) sin(y)




&3

a:g{cos(06)+l+cos(t//)+l ’ (4.25)
8 | sin(6,) sin(y)

D

f= 4sins(¢) , (4.26)
Lm:L_g{cos‘(ee)—kl_cos‘(l//)—kl LA 4.27)
4| sin(6,) sin(y)
D
Ls=2f cos(¢)+ s (4.28)

2tan(y)

Set 2: Input parameters are D, A, L , L, and 6,, which unknown

parameters are in the form

D
tan(y) = E(L——mkl_.)’ (4.29)

m

2(L5_Lm+ D, j
2tany

D, = , (4.30)
1+cos0, N cosy —1
sin 6, siny
L=DPn=Ds (4.31)
2tany

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.
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Set 3: Input parameters are D, , L,A, L , and 6,, which unknown

parameters are in the form

(4(L—Lm)—[Mij]Z3
sin 0,
v = root of +{Dm—4L[%ee+lDzz , (4.32)
sin 6,
+(4L+ D, [MJ—%L— Lm)}z ~D, =0
sin 6,

where Z = tan% and the solution of ¥ can be calculated by defining absolute of

1s minimum.
D,=D, -2Ltany (4.33)
Ls:g cos'(98+l B 1—‘cos1,// (4.34)
4 sin 6, siny

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.

Set 4: Input parameters are D, A, L, D, and 6,, which unknown

parameters are in the form

(D,-D,)z*+| 4L, -| <% 5 |7
w = root of sin 6, , (4.35)

+D, =0
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where Z = tan% and the solution of y can be calculated by defining absolute of

1S minimum.

L-L +& COS‘ g, +1) COS‘l// +1 (4.36)
4 sin 6, siny/
L = D _ L., (4.37)
2tany

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.

Set 5: Input parameters are L, A, D,, L, and 6,, which unknown

parameters are in the form

6.+1). 4L
—2tan™|| EB%EL "5 L 438
v {an H sing, ) D, (4.38)

LmzL—g co§96+1 3 cosy+1 ’ (4.39)
4 sin 6, siny

D, =2(L, +L,)tany. (4.40)

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.
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Set 6: Input parameters are A, D, L, L, and 6,, which unknown

parameters are in the form

0,+1) 4L
=2dtan” || 22T 0|25 L 4.41
v {an K sind, ) D, (41

D, =2(L, +L,)tany, (4.42)

L:Lm+g cos.9e+l k cosy+1 . (4.43)
4 sin 6, siny/

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.

Set 7: Input parameters are D_, A, L, L, and 6,, which unknown

parameters are in the form

DmZ3+(4L+4LS—(MJDm]ZZ
sin 6,

cosd, +1

w = root of (—Dm —4(,—} L]Z , (4.44)

sin 6,

+[(cos.06 +1jDm —4L5]=0
sin 6,
7

where Z = tan; and the solution of y can be calculated by defining absolute of

1S minimum.
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D,=D, -2Ltany (4.45)
L, = Dy _ L, (4.46)
2tany

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.

Set 8: Input parameters are D, D,, A, L., and 6,, which unknown

parameters are in the form

0.+1) 4L
—2tan|| E28% T | _ES 1 4.47
v {an H sin 6, D, (4:47)

D,

L,= -, (4.48)
2tany
Lol +L -2 (4.49)

2tany

tang, a and f can be calculated by using (4.24), (4.25), (4.26), respectively.

We have now defined all the solution of eight sets input parameters for
representing the ADE backscatter antenna. This procedure allows the antenna
designer to fully define the antenna geometry with different sets of input parameters,

depending on the requirements of the antenna size and performance.



Table 4.1 Eight cases where five input parameters are used.
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Parameters | D L D, a f L., L,
SetNo.l | D L D, |4.25)]426)|@427)| (4.28)
SetNo2 | D, |(4.31) 4.30) | 4.25)| 426)| L, | L
SetNo3 | D L 433)| (425)| 426)| L, | (434
SetNo4 | D, | (436) D, | @425 @426)| L, |437)
SetNo.5 | (4.40)| L D. | (425)] (426)| (439)| L,
SetNo.6 | (4.42) | (4.43) D, 425 ]@26)]| L, | L
SetNo.7 | D L 445)| (4.25)| (4.26)| L, | (4.46)
SetNo.8 | D, |(449) D. | (425)| (4.26)| (4.48)| L,

4.5.2 Calculation of Radiation Pattern by Using PO/PTD techniques

In this thesis, the radiation patterns for the subreflector and the main

reflector are calculated by employing PO and PTD techniques which are classified

into four cases:

(D
)
3)
4

Using PO on both subreflector and main reflector (PO-PO)

Using PTD on subreflector and PO on main reflector (PTD-PO)

Using PO on subreflector and PTD on main reflector (PO-PTD)

Using PTD on both subreflector and main reflector (PTD-PTD)

In the analysis of dual reflector antennas, electromagnetic energy

emitted from the feed reflects on the subreflector and it advances toward the main
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reflector where it reflects again toward the out field. The numerical calculation of the
radiation pattern consists of four main parts:

(1) To define the inputs of geometrical and electrical parameters such
as frequency of operation, main reflector and subreflector geometry (diameter,
position and its equation), and feed characteristics (feed type and position).

(2) To calculate the equivalent currents (PO currents) on the
subreflector surface and the fringe currents on the edge of subreflector from the given
feed pattern.

(3) To calculate the equivalent currents (PO currents) on the main
reflector surface and the fringe currents on the edge of main reflector.

(4) To calculate the scattered fields due to PO currents and fringe
fields due to fringe currents.

The PO and PTD procedure for analysis radiation pattern of reflector
antenna by using PO and PTD are detailed in chapter 3. The outline procedure of each

case is graphically in Figure 4.20.

(a) PO-PO

Figure 4.20 PO/PTD techniques for ADE backscatter antenna.



PO
PTD
J eq !
/ PO v
PO

(b) PTD-PO

PTD

(d) PTD-PTD

Figure 4.20 PO/PTD techniques for ADE backscatter antenna (Continued).
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4.5.3 Analysis of Axially Displaced Ellipse Backscatter Antenna

In the first of analysis characteristics of ADE backscatter antenna, the
radiation pattern of the proposed antenna has been simulated by using physical optics
(PO) on subreflector and using physical theory of diffraction (PTD) on main reflector
in order to enhance the accuracy of PO by better treatment of edge diffraction effect.
The numerical calculation of the radiation pattern by using PO-PTD techniques
consists of four main parts:

(1) To define the inputs of geometrical and electrical parameters
such as frequency of operation, main reflector and subreflector geometry (diameter,
position and its equation), and feed characteristics (feed type and position). The main
reflector curve is Gaussian equation and subreflector is portion of an ellipse as
expressed in (4.21) and (4.22), respectively. To design the axially displaced ellipse
backscatter antenna as described in section 4.5.1, we need to choose five input
parameters. The first example, set no.1 of input parameters i.e. diameter of the main

reflector (D, ), diameter of the elliptical subreflector ( D, ), parameter to define the

convexity of the main Gaussian backscatter ( A ), parameter to define distance
between main reflector and subreflector (L), and the angle 6, are defined. The
antenna has been carried out at 18.75 GHz. The conical horn as described in
section 4.2 has been used to be a feed of the antenna. For choosing the input
parameter, we start with the design of conical horn antenna that diameter has been
accepted at 18.75 GHz (5.04 cm). Later, we choose the subreflector and main reflector
diameters and the subreflector subtends angle (6, ), values of the D,/ D, ratio and 6,
have to provide the main reflector edge illumination around -10 dB to -15 dB. Then,

we define the parameter A and L, to start with A between 7-9 cm and L between
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20-40 cm. Finally, we iterate those parameters until the desired patterns are obtained.
It was found that increasing of convexity of the main reflector can enhance coverage
area but its gain is reduced. In addition, decreasing of the distance between main
reflector and subreflector can enhance gain of the antenna. The antenna was designed

using input parameters, i.e. D, =30cm, D, =5.6 cm, A=8.2cm, L=30cm, and
0, =25°. From five input parameters, we can find the remaining design parameters in

terms of these input parameters as expressed in Table 1. The geometry of proposed

antenna is illustrated in Figure 4.21.

10

-15 -10 -5 0 5 10 15
X (cm)

Figure 4.21 The ADE backscatter antenna geometry with set no.1 of input

parameter: D, =30 cm, D, =5.6 cm, A=8.2 cm, L=30cm,
a=6.7370 cm, f =1.4622 cm, L, =7.7293cm,

L, =37.3560 cm and 6, = 25°.
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(2) To calculate the equivalent currents or PO currents on the
subreflector surface. The subreflector surface and sampling points on its aperture are
illustrated in Figure 4.22. The PO current on subreflector surface can be obtained
directly from the incident field tangential to the subreflector at each point on its

surface. The current distribution over the subreflector surface at each radial samples

(pS) for diameter D, =5.6 cm and radius p, = 2.8 cm is shown in Figure 4.23.

(a) The subreflector surface

ysr (cm)
A

-

-)—blxsr (cm)

(b) The sampling points on subreflector aperture

Figure 4.22 The subreflector surface and sampling points on its aperture.
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Figure 4.23 The current distributions over the subreflector surface at each
radial samples for (a) plotting on XsSr coordination and

(b) plotting on angle ¢" in (degrees).
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(3) To calculate the equivalent currents (PO currents) on the main
reflector surface and the fringe currents on the edge of main reflector. The main

reflector surface and sampling points on its aperture are illustrated in Figure 4.24. The

current distribution over the main reflector surface at each radial samples ( p;.) for
diameter D, =30 cmand radius p,, =15 cmand the fringe current on main reflector

edge are shown in Figure 4.25 and Figure 4.26, respectively.
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.":/ f:":.{%ﬁ".}.
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(b) The sampling points on main reflector aperture

Figure 4.24 The main reflector surface and sampling points on its aperture.
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radial samples for (a) plotting on Xmr coordination and
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Normalized fringe current (dB)

g
0 20 40 60 80 100 120 140 160 180
@' (degree)

Figure 4.26 The fringe current along the edge of main reflector (red line: electrical
equivalent fringe current, blue line: magnetic equivalent fringe

current).

(4) To calculate the PO scattered fields due to PO currents and fringe

fields due to fringe currents. The total scattered field is constructed by adding fringe

field to the PO scattered field. The far-field patterns of proposed antenna in the ¢ =0°
plane and ¢ =90° plane are shown in Figure 4.27. The antenna can provide gain
about 12.75 dB in the ¢ =0° plane and 12.98 dB in the ¢ =90° plane. The coverage
angle at gain 4 dB is around +72° in the ¢ =0° plane and is around *+68° in the

¢ =90° plane.
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Figure 4.27 Radiation pattern of ADE backscatter antenna by using PO-PTD.

The simulation results as shown above, we have used PO on
subreflector and PTD on main reflector. Taking into account the radiation pattern for
ADE backscatter antenna by using hybrid method, we have classified the method for
analysis ADE backscatter antenna into four cases as described in section 4.5.2 i.e.,
using PO on both subreflector and main reflector (PO-PO), using PTD on subreflector
and PO on main reflector (PTD-PO), using PO on subreflector and PTD on main
reflector (PO-PTD) and using PTD on both subreflector and main reflector (PTD-
PTD). The results for radiation pattern computed by using PO-PO and PTD-PTD are
plotted in Figure 4.28. It is seen that the effect of the PTD fringe field is importance in
the far angular regions. The far-field patterns predicted by PO-PO underestimates the

fields, and patterns predicted by using PTD-PTD accurately predict the fields. It is
observed that in both the ¢=0° plane and ¢ =90° plane, the far-field envelope

predicted by PTD-PTD is higher than that by using PO-PO. The cross-polarized field
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in the ¢ =0° plane and ¢ =90° plane compared between PO-PO and PTD-PTD are

plotted in Figure 4.29. It is observed that PO-PO method predicts a very different

cross-polarized pattern than that of PTD-PTD.

20 10
10 0
| ——PO-PO
0 — — PTD-PTD
m m -10
= 2
g 10 |5
S S 20
20
30 -30
40—k s : : : : : -4 : ; . :
-150 -100 -50 0 50 = 100 150 %o 100 120 140 160 180
Theta (degree) Theta (degree)
(a) ¢=0° plane
20 10
10 0
0 . —— PO-PO
= @ -10 — PTD-PTD
= <l
g -10 1=
S & 20
20
30 30
- : s . : ; s : -40 ' ; . :
407750 100 50 0 50 100 150 80 100 120 140 160 180
Theta (degree) Theta (degree)
(b) ¢ =90° plane

Figure 4.28 Radiation pattern of ADE backscatter antenna: comparison between

PO-PO and PTD-PTD.
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Figure 4.29 Cross-polarized fields of ADE backscatter antenna: comparison

between PO-PO and PTD-PTD.

In the second case, the far-field patterns analyzed by using PTD-PO

and PTD-PTD are illustrated in Figure 4.30. It is observed that the PTD-PO envelope

error is also pronounced in the far angular regions on both the ¢ =0° plane and

¢ =90° plane. When we compare the far-field patterns predicted by PO-PO and

PTD-PO found that the patterns predicted by PTD-PO are close to the patterns

predicted by PTD-PTD than patterns predicted by PO-PO. To see the cross-polarized

field, far-field patterns in the ¢ =0° plane and ¢ =90° plane are calculated and the
results are shown in Figure 4.31. It is observed that in the angular 6 >25°, the
envelope of the PTD-PTD field higher than that of the PTD-PO field both the ¢ =0°

plane and ¢ =90° plane patterns.
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Figure 4.30 Radiation pattern of ADE backscatter antenna: comparison between

PTD-PO and PTD-PTD.
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Figure 4.31 Cross-polarized fields of ADE backscatter antenna: comparison

between PTD-PO and PTD-PTD

In the next case, the radiation comparison between PO-PTD and
PTD-PTD are shown in Figure 4.32. It is observed that in the all angular region

PO-PTD accurately predicts the field. The cross-polarized fields are plotted in

Figure 4.33. It is found that in the angular range —25° > >25°, the envelope of the
PTD-PTD field higher than that of the PO-PTD field both the ¢=0° plane and

¢ =90° plane. From all simulation results, it can conclude that the PO-PTD solution
is almost indistinguishable which that of the PTD-PTD. In the case of cross-
polarization, PO-PO predicts a very different cross-polarized pattern than that of
PTD-PO, PO-PTD and PTD-PTD. It is observed that in the near-in angular region,
PTD-PO is small different with PTD-PTD, while in the far-angular region PO-PTD is

close with PTD-PTD.
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Figure 4.32 Radiation pattern of ADE backscatter antenna: comparison between

PO-PTD and PTD-PTD.
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Figure 4.33 Cross-polarized fields of ADE backscatter antenna: comparison

between PO-PTD and PTD-PTD.

4.5.4 Example of Axially Displaced Ellipse Backscatter Antenna

when Input Parameters are Changed

In the section 4.5.3, we analyzed radiation pattern of ADE backscatter
antenna by employing PO and PTD techniques. The ADE backscatter antenna was
designed by using set no.l of input parameters. In this section, we will give design
example of ADE backscatter antenna when input parameters have been changed. The
procedure for designing the ADE backscatter antenna with different sets of input
parameters as describe in section 4.5.1 depend on the requirements of the antenna size
and performance. The aim of this thesis is the proposed antenna must have the gain

more than 10 dB and must have the coverage angle at gain 4 dB more than +65°.
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In the first example, the proposed antenna will be designed by using set

no.2 of input parameters i.e. diameter of the main reflector (D, ), parameter to define
the convexity of the main reflector ( A), parameter to define distance between feed
and main reflector (L), parameter to define distance between feed and subreflector
(L), and the angle 6,. For choosing the input parameter, we start with choosing the
main reflector diameter, parameter to define the convexity of the main reflector Aand
the angle 6,. Then, we define the parameter L, and the parameter L, to start with
L, between 5-10 cm and L between 25-30. Finally, we iterate those parameters until
the desired patterns are obtained. The antenna was designed by using the input
parameters, i.e. L, =28cm, D, =30 cm, A=82cm, L =8 cm, and 6, =20°. From

five input parameters, we can find the remaining design parameters in terms of these
input parameters as expressed in Table 1. These values present small antenna
(compact size) with acceptable dimensions intended to provide optimum gain and
wide beamwidth. The designed antenna is presented in Figure 4.34. The antenna is

analyzed by using PO on subreflector and PTD on main reflector (PO-PTD). The
radiation pattern of the antenna is shown in Figure 4.35. The gain in the ¢ =0° plane
and ¢ =90° plane are 13.08 dB and 13.15 dB, respectively. The coverage angle at

gain 4 dB is around +71° in the ¢ =0° plane and is around +66° in the ¢ =90°

plane.
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Figure 4.34 The ADE backscatter antenna geometry with set no.2 of input
parameter: D, =30 cm, A=8.2 cm, L,=8cm, L, =28 cm,
D, =5.8487 cm, L =28.9815, f =1.5423 cm,

a=7.8017 cm and 6, =20°.
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Figure 4.35 Radiation pattern of ADE backscatter antenna when using

set no.2 of input parameters.
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Figure 4.35 Radiation pattern of ADE backscatter antenna when using

set no.2 of input parameters (Continued).

In the second example, the antenna is designed by using set no.5 of

input parameters i.e. diameter of the subreflector ( D, ), parameter to define the
convexity of the main reflector ( A), parameter to define distance between main
reflector and subreflector ( L ), parameter to define distance between feed and
subreflector (L, ) and the angle 6,. For the optimum designed, the input parameters
are chosen ie. D,=5.6 cm, L=7.6cm, L=32 cm,A=8.2cm, and 6, =20°. The
antenna geometry is shown in Figure 4.36. The radiation pattern by using PO-PTD
method is illustrated in Figure 4.37. The gain in the ¢ =0° plane and ¢ =90° plane
are 15.24 dB and 15.70 dB, respectively. The coverage angle at gain 4 dB is around
+66° in the ¢ =0° plane and is around +61° in the ¢ =90° plane. Although the

coverage angle is reduced, however, this geometry can improve antenna gain.
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Figure 4.36 The ADE backscatter antenna geometry with set no.5 of input

parameter: D, =5.6 cm, L,=7.6c¢cm, L =32 cm, A=8.2 cm,
L, =29.8284 ¢m, D, =38.6116.cm, f =1.7717 cm,

a=6.8540 cm and 6, = 20°.
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Figure 4.37 Radiation pattern of ADE backscatter antenna when using

set no.5 of input parameters.
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Figure 4.37 Radiation pattern of ADE backscatter antenna when using

set no.5 of input parameters (Continued).

The examples of ADE backscatter antenna as describe above was
designed by using different sets of input parameters. From the examples, it can be
summarized that these set of input parameters can be chosen according to the
characteristic requirements in practical applications such as size and its performance.

4.5.5 Example of Axially Displaced Ellipse Backscatter Antenna
when Equation of Main Reflector is Changed
In this section, we will give design example when the main reflector

equation has been changed. A quadratic equation is chosen to be main reflector as

expressed in (4.49),
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Zoe (X)) = A{I(Dim xmrj J L. (4.49)

The antenna is designed by using set no. 1 of input parameters (see
Table 1). For the optimum designed, the input parameters are chosen i.e.
D,=30cm, D,=5.6 cm, L= 30 cm, A=5.8 cm, and 6, =25° where same input
parameters with the case of Gaussian equation. The antenna geometry is presented in
Figure 4.38. The radiation pattern of the antenna is analyzed by using PO-PTD
method as shown in Figure 4.39. The gain in the ¢ =0° plane and ¢ =90° plane are
11.7 dB and 12.25 dB, respectively. The coverage angle at gain 4 dB is around +70°
in the ¢ =0° plane and is around +60° in the ¢ =90° plane. It was found that when
the main reflector shape has been changed, the antenna characteristics have also
changed. When we compare the main reflector equations between Gaussian and
quadratic with the same input parameter found that Gaussian equation can provide
higher gain and wider coverage area than quadratic equation. In this thesis, we have
decided to choose the Gaussian equation to construct antenna model because it has

appropriate characteristics.
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Figure 4.38 The ADE quadratic backscatter antenna geometry with set no.1 of
input parameters: D, =30 cm,D, =5.6 cm, A=5.8 cm, L=30cm,

f =1.4622 cm, L, =7.7293cm, L, =34.9560 cm and 6, = 25°.
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Figure 4.39 Radiation pattern of ADE quadratic backscatter antenna

when using set no.1 of input parameters.
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Figure 4.39 Radiation pattern of ADE quadratic backscatter antenna

when using set no.1 of input parameters (Continued).

4.6 Chapter Summary

In this chapter presented analysis and design of axially displaced ellipse
antenna (ADE antenna). The first, the design and numerical examples of ADE
reflector antenna was compared with both computational and experimental data
published in literature such as IEEE data base. The radiation patterns were compared
with Granet (2001) and Kumar (2009). It was found that the results depict very good
agreement. The results from these examples provide the confidence that the PO,
which is developed by using Matlab program, is accurate for prediction the field. The
second, the analysis and design of ADE backscatter antenna which is the proposed
antenna in this research was presented. The radiation pattern of proposed antenna is

analyzed by using PO and PTD method. We have classified the method for analysis of
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radiation pattern of ADE backscatter antenna into four cases i.e. PO-PO, PTD-PO,
PO-PTD, and PTD-PTD. It is found that the PO-PTD solution is most
indistinguishable which that of the PTD-PTD. From design example of ADE
backscatter antenna with several sets of input parameters, we can design and choose
input parameters of the ADE antenna, depending on the requirements of the antenna
size and performance. The proposed antenna can provide gain more than 10 dB and

wide beamwidth (wide coverage area).



CHAPTER V

MEASUREMENT AND DISCUSSION

5.1 Introduction

In order to understand the general background and the theory behind the ADE
antenna, the antenna measurements for the final verification of the ADE backscatter
antenna operation will be presented in this chapter. The ADE backscatter antenna was
fabricated and their performance was measured and discussed. To verify the theory
calculation, the radiation patterns were measured in an anechoic chamber using vector
network analyzer HP 8722D and compared with the simulated results by using
PO/PTD method. The effects of the support structures on the radiation patterns of the

proposed antenna have been investigated experimentally.

5.2 ADE Backscatter Antenna Prototype

The ADE backscatter antenna geometry consists of a main reflector by using
backscattering technique, portion of an ellipse subreflector, and a conical horn
antenna. In this thesis, we have chosen the Gaussian equation for main reflector
because it has appropriate characteristics i.e. low ripple level and wide coverage
angle. As describe in chapter 4, the ADE backscatter antenna was designed and
analyzed at frequency of 18.75 GHz. The antenna was designed by using set no.1 of
input parameters as summarized in Table 5.1. To verify the performance of the

antenna, a prototype has been fabricated with aluminium at the operating frequency of
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18.75 GHz as shown in Figure 5.1. The antenna was constructed by high-precision

CNC machine.

Table 5.1 Dimensions of the ADE backscatter antenna.

Description Dimension (1) | Dimension (cm)
Diameter of the main reflector (D, ) 18.75 30
Distance between point O and the
projection of the bottom-edge of the half- 18.75 30
main-reflector onto the axis (L)
Diameter of the elliptical subreflector ( D, ) 3.50 5.6
Par'ameter to define the convexity of the 5125 2.2
main reflector (A)
Half cone angle subtended by the G .
subreflector at F, (6,) ¥ 25
Distance between the focus, F,, of the
antenna and the projection of the top-edge
of the half-main-reflector onto the Z axis 23.346 373536
(L)
Distance between the focus, F,, of the
antenna and the apex of the subreflector 4.831 7.7293
(L)
Half distance between the foci of ellipse 0.897 14622
(f)
Half major axis of the ellipse (a) 4.221 6.7370
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(a) Portion of an ellipse subreflector

(b) Conical horn antenna

(c) ADE backscatter antenna system

Figure 5.1 ADE backscatter antenna prototype.
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5.3 Antenna Measurement

Antenna measurements are needed for the final verification of the antenna
operation. Modern simulation and analysis methods predict often quite accurately the
antenna characteristics, but for some complicated structures only measurements can
give accurate information on the antenna properties. In the all cases, it is beneficial to
verify the computed results with measurements to ensure that antenna was correctly
modelled in the simulations and correctly assembled. In this section, antenna radiation
characteristics and measured results are discussed.

Reciprocity theorem is applied to most antennas and, therefore, properties of
antenna used to receive electromagnetic waves are the same as the properties for the
same antenna when it is used to transmit electromagnetic waves. The space
surrounding an antenna is commonly divided into three parts based on the behavior of
the antenna radiation: a reactive near field region, a radiating near field region, and a

far field region. The regions are illustrated in Figure 5.2.

Antenna
i
D
L 4
Reactive Reacting Far-field
near field near field >
2
o A 2D
2m A

Figure 5.2 Near field and far field region of an antenna.
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In the reactive near field, the reactive field dominates and power is not
propagating. The borders between the regions are not exact or unique as there are
various criteria to separate the regions. Outer boundary of the reactive near field is

usually defined as

R="" (5.1)

The antenna is large compared to the wavelength A. The radiating near field,
or Fresnel region as it is also called for antenna focused at infinity, is a transition
region between the reactive near field and the far field region. In this region, the
radiation fields predominate, but the angular field distribution depends on the distance
from the antenna. The radial field component may also significant in this region. The

far field region is defined to begin at

_2D?
A

R

: (5.2)

where D is maximum dimension of the antenna. At this distance the phase error due
to the maximum path length difference between different points on antenna is 7 /8.
In the far field, the field components are essentially transverse and the angular
distribution of the field is independent of the distance.
5.3.1 Radiation Pattern
Radiation pattern (antenna pattern) is the spatial distribution of a
quantity that characterizes the electromagnetic field generated by an antenna. The

antenna radiation pattern is the display of the far field radiation properties of the
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antenna in spherical coordinates at a constant radial distance and frequency. In
general, this pattern is three-dimensional, however, because it is not practical to
measure this, a number of two-dimensional patterns, or pattern cuts, are recorded by
fixed one angle and varying the others (Balanis, 1997).

A far field pattern is obtained in the far field of the antenna as
expressed in (5.2). In the far field antenna test, the ADE backscatter antenna was
measured in anechoic chamber. The conical horn antenna is used to be transmitting
antenna, while ADE backscatter antenna 1s in receiving mode. The ADE backscatter
antenna is installed on a turntable with the Raleigh distance R far from transmitting
antenna as shown in Figure 5.3. During the measurements, the ADE backscatter
antenna was illuminated with a uniform plane wave and their receiving characteristics

were measured.

I R

Conical horn antenna ADE backscatter antenna

Network analyzer HP 8722D

S/

(a) Co-polarization pattern

Figure 5.3 Measurement set up for the radiation pattern.
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i R i

Conical horn antenna ADE backscatter antenna

Mﬁ.

Network analyzer HP 8722D

(b) Cross-polarization pattern

Figure 5.3 Measurement set up for the radiation pattern (Continued).

5.3.2 Gain

The gain of an antenna is the ratio of the radiation intensity, in a given
direction, to the radiation intensity that would be obtained if the power accepted by
the antenna is radiated isotropically. Absolute gain method is one of the basic
methods to measure the gain of an antenna (Balanis, 1997). For this method, the
theory is based on the Friis transmission formula as expressed in (5.3), which can be
applied when two polarizations matched antennas aligned for the maximum
directional radiation, and separated by a distance R that meets the far field criteria,

are used for the measurements,

47R
Gr,dB + Gt,dB = Pr,dB - Pt,dB +20 log(Tja (5.3)
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where P is the received power,

P, is the transmitted power,

G, is the gain of the receiving antenna,
G, is the gain of the transmitting antenna.

The absolute gain method requires no a knowledge of the transmitting
or receiving antenna gain. If the receiving and transmitting antennas are identical,

only one measurement is required and (5.3) can be simplified as

1 47R
Gr,dB = Gt,dB = E|:Pr,dB = Pt,dB +20log (Tﬂ (5.4)

5.3.3 Bandwidth
The bandwidth of an antenna is defined as the range of frequencies
within which the performance of the antenna, with respect to some characteristics,
conforms to a specified standard. The bandwidth can be considered to be the range of
frequencies, on either side of a center frequency, where the antenna characteristics
such as input impedance, pattern, beamwidth, polarization, side lobe level, gain, beam
direction or radiation efficiency, are within an acceptable value of those at the center
frequency (Balanis, 2005).
For narrowband antennas, the bandwidth is expressed as a percentage
of the frequency difference (upper minus lower) over the center frequency of the
bandwidth. Equation (5.5) is the fundamental formula to calculate the bandwidth of

the antenna from the return loss versus the frequency plot.
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Bandwidth (%) =| ( e = Tiower )/ Ty |100% (5.5)

5.3.4 Input Impedance, Standing Wave Ratio and Return Loss
The input impedance, standing wave ratio (SWR) and return loss (S,,)
are parameters which can be used to indicate the degree of mismatch between
transmission line and its load (usually a radio antenna), or evaluate the effectiveness

of impedance matching efforts. The impedance is in the range of 40-60 Q and SWR

less than 2 can be accepted for impedance matching between transmission line and

the antenna which correspond to the return loss less than -10 dB.

54 Experimental Results

5.4.1 Conical Horn Antenna
In this thesis, the conical horn antenna operating at the frequency of

18.75 GHz is used to be feed of ADE backscatter antenna. The measured results of
return loss (S,,), input impedance and standing wave ratio (SWR) are shown in
Figure 5.4 to 5.6, respectively. It is found that the measured return loss at frequency
of 18.75 GHz is -29.059 dB. Impedance matching which is referred to S,, <-10dBis
achieved. The measured of input impedance of conical horn antenna is 49.994 Q.
The impedance is accepted because it is in the range of 40 to 60 Q. The standing
wave ratio is 1.0711 (SWR < 2). The measured impedance bandwidth is about 6.94%
(S, <—10dB). As shown in Figure 5.7, the measured far field patterns in E- and H-

planes of conical horn antenna are plotted together with the simulated results which

are calculated by using aperture field integration method (AFIM). From the measured
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results, the conical horn antenna can provide the gain and HPBW in E-plane of
11.05 dB and 28°, respectively, and in H-plane of 10 dB and 29°, respectively. It is

correspond to the directivity around 17 dB. It is observed that the simulation results of
conical horn antenna are in good agreement which those of the measured results. The

measured results of conical horn antenna are summarized in Table 5.2.

CHL Sy, lag MAG 18 d84 REF @ dB 1 -29.859 dE
P 18| 750 #08 @17 GHz|
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Figure 5.4 Measured return loss for the conical horn antenna.
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Figure 5.5 Measured impedance for the conical horn antenna.
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Figure 5.6 Measured standing wave ratio for the conical horn antenna.
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Figure 5.7 Radiation pattern for conical horn antenna.



Table 5.2 Measured characteristics for conical horn antenna.
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Characteristics

Measured results

Return loss (S,,) -29.059 dB
Input impedance 49.994 O
Standing wave ratio (SWR) 1.0711
Gain 11.05 dB
Half power beamwidth (HPBW) 29°

5.4.2 ADE Backscatter Antenna

In order to compare ADE Gaussian backscatter antenna performance,

we consider the two cases of the subreflector support structures. The first case, the

subreflector is supported from the conical horn using cylindrical stainless steel studs

of 2.5 mm diameter as shown in Figure 5.8(a). The second case, the subreflector is

supported from the conical horn using cylindrical superlene cavity with a wall

thickness of around 1 mm as shown in Figure 5.8(b).

In the first case, the measured results of return loss (S,,), input

impedance and standing wave ratio (SWR) are shown in Figure 5.9 to 5.11,

respectively. It is found that the measured return loss at frequency of 18.75 GHz is

-21.346 dB. The measured of impedance is 49.43 Q. The standing wave ratio is

1.2886. The ADE backscatter antenna can provide impedance bandwidth is about

59 MHz from 18.716 GHz to 18.775 GHz (for S, <-10dB).
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(b) case 2

Figure 5.8 Antenna prototype of the realized 30 cm diameter ADE antenna
(a) subreflector is supported from the horn using stainless steel studs
(b) subreflector is supported from the horn using cylindrical

superlene cavity.
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Figure 5.9 Measured return loss for the ADE backscatter antenna (case 1).
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Figure 5.10 Measured impedance for the ADE backscatter antenna (case 1).
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Figure 5.11 Measured SWR for the ADE backscatter antenna (case 1).

The measured radiation pattern of the antenna in the first case is
plotted together with the simulated pattern (by using PTD-PTD method) as shown in
Figure 5.12. This plot shows agreement between the measured and simulated both in
E-plane and H-plane patterns. The measured the gain in E-plane and H-plane are
14.71 dB and 14.21 dB, respectively. The gain at € = £65° of the measured result is
around 4.20 dB in E-plane and 5.21 dB in H-plane. The measured cross-polarization
as shown Figure 5.13 is lower than the co-polarization at & =0° around 18 dB.
However, the measured radiation patterns show much ripple. This can be explained

by reflections occurring between the cylindrical stainless steel studs and the reflector.
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Figure 5.12 Co-polarized field patterns of a ADE backscatter antenna (case 1).
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Figure 5.13 Cross-polarized field patterns of a ADE backscatter antenna (case 1).
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An alternative method of supporting the subreflector of ADE antenna
is the use of a thin-wall dielectric cylinder (the second case) as shown in Figure
5.8(b). The basic problem here is the large variation in incident angles at the cylinder
wall for rays reflected from the subreflector. The effect is minimized by using a
material with the smallest possible dielectric constant and thickness. Low loss tangent
and high mechanical strength are also desirable. Practical considerations lead to the
choice of polyamide (nylon-6). This material, popularly called superlene nylon, has a
relatively low dielectric constant. The superlene nylon is suitable for this application
and can have the small thickness. Figure 5.8(b) shows that the subreflector is
supported from the horn using cylindrical superlene cavity with a wall thickness
around 1 mm.

In this case, the measured results of return loss (S,,), input impedance
and standing wave ratio (SWR) are shown in Figure 5.14 to 5.16, respectively. It is
found that the measured return loss at frequency of 18.75 GHz is -17.208 dB. The
measured of impedance is 44.863Q). The standing wave ratio is 1.3201. The
measured impedance bandwidth is about 51 MHz from 18.707 GHz to 18.758 GHz

(for S,, <-10dB).
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Figure 5.14 Measured return loss for the ADE backscatter antenna (case 2).
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Figure 5.15 Measured impedance for the ADE backscatter antenna (case 2).
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Figure 5.16 Measured SWR for the ADE backscatter antenna (case 2).

The measured radiation pattern of the antenna in this case is plotted
together with the simulated pattern as shown in Figure 5.17. This plot shows good
agreement between the measured and simulated both in E-plane and H-plane patterns.
The measured the gain in E-plane and H-plane are 14.50 dB and 14.32 dB,
respectively. The gain at € =165° of the measured result is around 7.62 dB in
E-plane and 9.21 dB in H-plane. The measured cross-polarization is lower than the
co-polarization at & =0° about 17 dB. From the radiation patterns in Figure 5.12 and
Figure 5.17, we can observe that subreflector support structures using metallic studs
obviously more impact the electrical performance of the antenna than using thin-wall
dielectric cylinder. The use of dielectric materials for this support may give better
characteristics of the radiation pattern. The comparison of simulated (without support

structure) and measured results are summarized in Table 5.3. An additional cause of
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asymmetry observed in the measured patterns in both cases is (the combination of)

the small defocusing and mispointing of the feed, i.e., feed displacements and tilts.
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Figure 5.17 Co-polarized field patterns of a ADE backscatter antenna (case 2).
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Figure 5.18 Cross-polarized field pattern of a ADE backscatter antenna (case 2).
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Table 5.3 Comparison of simulated and measured results for antenna characteristics.

Antenna Case 1: Stainless steel | Case 2: Cylindrical superlene
characteristics studs nylon cavity
Simulated | Measured Simulated Measured
E-plane
Maximum Gain (dB) 13.90 14.71 12.90 14.50
Gain at 6 = +65° 7.50 4.20 7.50 7.62
H-plane
Maximum Gain (dB) 13.73 14.21 13.73 14.32
Gain at 6 =+65° 11.65 5.21 11.65 9.21

5.5 Chapter Summary

This chapter presents the antenna measurements in order to verify the
computed results with measurements to ensure that antenna was correctly modelled in
the simulations and correctly assembled. The ADE backscatter antenna prototype
with Gaussian main reflector was fabricated by high-precision CNC machine and
measured field patterns in anechoic chamber. The subreflector support structures by
using metallic studs and thin-wall dielectric cylinder have been considered. The
measured maximum gain in the case of using metallic tripod support is 14.71 dB, and
the maximum gain at 8 =£65° is around 5.21 dB. The measured maximum gain in
the case of using thin-wall dielectric cylinder support is 14.50 dB, and the maximum
gain at @ =265° is around 9.21 dB. It was found that metallic tripod support
obviously impact the electrical performance. The thin-wall dielectric cylinder may
give better characteristics of the radiation pattern. Good agreement between simulated

and measured results is obtained.



CHAPTER VI

CONCLUSIONS

6.1 Thesis Concluding Remarks

In this thesis, analysis of back feed curved reflector antenna using ring focus
feeding has been presented. This antenna can be called the ADE backscatter antenna.
The antenna geometry consists of a main reflector by using backscattering technique,
portion of an ellipse subreflector and a conical horn antenna. In the designing of ADE
backscatter antenna, we need to define parameters to represent antenna geometry with
nine parameters. However, these parameters can not be specified arbitrarily.
Therefore, we choose five input parameters to define the antenna geometry. Taking
into account all of these factors, several sets of input parameters representing various
solutions have been considered. In this thesis, we have considered eight sets of input
parameters. From these input parameters and using distance relationship in an ellipse,
the overall parameters of the antenna are derived in close form. When we have known
all the solution of input parameters, the ADE backscatter antenna geometry will be
represented. This procedure allows the antenna designer to fully define the antenna
geometry with different sets of input parameters, depending on the requirements of
the antenna size and performance. For the antenna analysis, physical optics (PO) and
physical theory of diffraction (PTD) are used to analytically determine the radiation
characteristics of antenna. We have classified the method to analyze the radiation
patterns for the subreflector and the main reflector into four cases i.e. using PO on

both subreflector and main reflector (PO-PO), using PTD on subreflector and PO on
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main reflector (PTD-PO), using PO on subreflector and PTD on main reflector (PO-
PTD), and using PTD on both subreflector and main reflector (PTD-PTD).
Comparisons each method with the PTD-PTD found that the PO-PO far field
envelope in the far angular region was not accurate while PO-PTD solution was most
indistinguishable that of the PTD-PTD solution. In the example of the ADE
backscatter antenna, the Gaussian equation was chosen to be main reflector. This
antenna geometry can provide gain more than 10 dBi and wide beamwidth. To verify
the performance of the antenna discussed, the antenna prototype was fabricated with
aluminium. The subreflector support structures by using metallic studs and thin-wall
dielectric cylinder have been considered. This antenna was tested in an anechoic
chamber. The gain measurements were recorded. It was found that metallic tripod
support obviously impact the electrical performance. The thin-wall dielectric cylinder
may give better characteristics of the radiation pattern. The agreement between
simulated and measured results is satisfactory. Based on the results achieved in this
thesis, it can be concluded that this ADE backscatter antenna concept is a viable
option to meet the demanding customer antenna design requirements of small LEO

satellites constellations.

6.2 Remark for Future Studies

Based on the knowledge learned and acquired over this research, some
recommendations for future ADE antenna design should be presented. In this thesis,
the design examples of ADE backscatter antenna have used Gaussian and quadratic
equation to be main reflector. It was found that when we have changed reflector

shape, the antenna characteristics are also changed. In the future study, we can change
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main reflector for variety shapes in order to provide variety of antenna characteristics.
In applying the techniques of PO and PTD to analyze reflector antenna, it is necessary
to know several first order derivatives associated with a reflector. Some of the
derivatives can be used to construct unit vectors that are normal to the reflector
surface or tangential to the reflector edge; others are useful in determining the
Jacobians needed in the radiation integrals. Due to the variety in the shapes of
reflector surfaces and boundaries, we need a systematical approach to obtain these
derivatives. Therefore, a few general and useful formulas in variety geometry should
be reviewed. In addition, the subreflector support structure should be considered for
simulation. A comparison with other software and/or techniques such as GTD and the

method of moments (MoM) should also be conducted.
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APPENDIX A

CONICAL HORN DESIGN



A.1 The Conical Horn

Another very practical microwave antenna is the conical horn as shown in
Figure A.1. The geometry of conical horn antenna consists of circular waveguide and
conical horn. The formulations for circular waveguide and conical horn antenna are

summarized in Table A.1 and Table A.2, respectively.

Figure A.1 The conical horn antenna.

Table A.1 Formulations for circular waveguide

Parameters TE,, mode

Free space wavelength | 4, :% where ¢ =3x10®m/s, f is operation frequency

Waveguide radius a= %x% where x|, =1.8412
T

1
_ Xu

Cutoff f f),=
utoff frequency (f.)u >a

XC
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Table A.1 Formulations for circular waveguide (Continued).

Parameters TE,, mode
A
. (Ag)u = - 2
Guide wavelength 1 f
f
za
Cutoff wavelength (A ) -
11
Table A.2 Formulations for conical horn.
Parameters TE,, mode
dr cY
Directivity Dc (dB) =10 IOg l:gap jV2(7z'a_)2j| =10 |Og (Ej - L(S)

Diameter of horn aperture

D, (dB)+L(2)

10 20

T

d 2
Length | L +(—”‘j
2
2
Length L = /IZ—(d—m]
2
d d
w,=tan| = | or y,_ =sin
Angle y, (2 j 78 (le
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A.1.1 Determination of the Circular Waveguide Dimensions
Waveguide dimensions are function of the frequency which is
transmitted into the waveguide. The parameters of circular waveguide can be obtained
by
A.1.1.1 Free Space Wavelength (4,)
Free space wavelength is described as the wavelength of the

wave travels in free space,

fo=, (A1)

where 4, is free space wavelength,

c is light velocity, 3x10° m/s,

f is frequency of operation, where the waveguide is designed at 18.75 GHz.

8
We can obtain free space wavelength as 4, = ° 310

=——— =16 mm.
f 18.75x10°

A.1.1.2 Inside Radius of the Waveguide (a)

The inside radius of waveguide can be obtained by

!

a=2my ) (A2)
27
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The TE,, is the dominant mode in a circular waveguide. X, is the first several zeros
of J(x). The smallest x'  is x, =1.841. Hence the inside radias of waveguide for

the dominant mode is

1.8412
27

X

a=_""x/4, = x16mm =4.6886 mm.
2

A.1.1.3 Inside Diameter of the Waveguide (d,,, )

The inside diameter of the waveguide can be obtained by
2a=2x4.6886 mm=9.3772 mm. In designing of the waveguide, usally it will depend
on the standard dimention of conducting pipe. Hence the dimension for waveguide is
designed by using the inside diameter of the waveguide is 11.75 mm, the outside
diameter of the waveguide is 18.78 mm, and the thickness of the waveguide is

3.515 mm

A.1.1.4 Cutoff Frequency (f,),, for TE,, Mode
The cutoff frequency (f.),, is defined as the the lowest
frequency that the waves can travel in the waveguide. The cutoff frequency is given

by

!

X

2ra
_ 18412 | 3,10° =14.96 GHz.

Zﬂ(l%;§x103j

( fc )11 =
(A3)
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A.1l15 Guide Wavelength (4,),,

The guide wavelength is defined as the lowest wavelength

that can traval in the waveguide. The guide wavelength is determined by

A
Ay =

= 0.016 = 26.55 mm.

| [(1496x10°)
18.75x10°

We have now designed all the parameters necessary to represent the circular

(A.4)

waveguide as summarized in Table A.3.

Table A.3 Dimensions of the circular waveguide.

Parameters Dimension
Free space wavelength (AO) 16.00 mm
Cutoff frequency (f.), 14.96 GHz
Guide wavelength () 26.55 mm
The inside diameter of the waveguide 11.75 mm
The outside diameter of the waveguide 18.78 mm
The thickness of the waveguide 3.515 mm
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The waveguide can be excited for operating in the TE,, mode as

shown in Figure A.2. The simplest coax transition extends the center of the coax as a
probe as shown in Figure A.3. The end of the waveguide behind the probe ends is a
short circuit with the flat plate. The connector is held by two screws and the dielectric
extends through the waveguide wall so that the probe starts at the inside wall of the
waveguide. In order to transform the impedance of the waveguide to a desired coaxial

impedance, usually 50Q), the variable dimensions in waveguide transition such as

probe diameter, probe length and distance to the backshort are adjusted. In addition,

the dielectric is inserted onto the probe for impedance matching.

;{g =26.55 mm

34,

"2  (minimum}

Figure A.2 The exciting of the waveguide for TE,, mode.

Dielectric

FIIEEE. W TFEIEEEEEEESEEEEEEEEEEEEEFEEEEELFEFIEEEEELE

FEEEESEFIFS CEEEEEELFEEFEEEEFFEFEEEEFFTEETEEEEEEFETIEEEEEEES

Backshort distance

Probe length

AN AR

H
H
4
H
7
.

Figure A.3 Coaxial to waveguide transition.



157

A.1.2 Determination of the Conical Horn Dimensions
In designing the conical horn, we have to know the parameters of the

conical horn as shown in Figure A.4.

I |

(a) The parameters of the conical horn antenna

o |§Q~

W

L

(b) The conical horn in triangular form

Figure A.4 Conical horn antenna and its parameters.

A.1.2.1 Directivity
The directivity (in decibels) of a conical horn, with an

aperture efficiency &,, and aperture circumference C, can be computed using



158

D, (dB) =10log,, {gap %(;za)z}lomgm (%} _L(s)

2ra

=10log (T) —L(s) (A.5)

d r ?
=101 m —L(s),
o) 1

where a is the radius of the horn at the aperture,

d_is the diameter of the horn at the aperture,

4, 1S free space wavelength and

L(s)=-10log,, &, (A.6)

The first term in (A.5) represents the directivity of a uniform circular aperture while
the second term which is represented by (A.6), is a correction figure to account for the
loss in directivity due to the aperture efficiecy. Usually the term in (A.6) is reffered to

as the loss figure, which can be computed in decibels using (Balanis, 2005)

L(S)~(0.8-1.71S +26.255% ~17.79S°), (A.7)

where S is the maximum phase deviation (in number of wavelength), and it is given

by

:8_;', (A.8)
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The gain of a conical horn is optimum when its diameter is equal to

d, ~3l4,, (A.9)

which corresponds to a maximum aperture phase deviation of S=3/8 (wavelengths)
and a loss figure of about 2.912 dB (or an aperture efficiency of about 51 percent).

Hence the directivity of a conical horn can be obtained by

d, 7

D.(dB) =101
.(dB) og(ﬂ0

j L2912, (A.10)

A.1.2.2 Diameter of Conical Horn (d )

The conical horn antenna is designed at frequency of
18.75 GHz. In designing an optimum directivity conical horn, we have used (A.10),
where directivity is defined as 17 dB. The diameter of conical horn for an optimum

directivity of 17 dB is determined by

2

D, (dB) = 10log| - —2.912

2

17 = 10log| —= -2.912

o
3

19.912 = 10log| —=

97.9941

2
T

4 - [97.994122 \/97.9941><16mm
m 72'2 - 7[2

50.405 mm.

d2 =

o
Il



A.1.2.3 Length |

The length | can be obtained by

d2

| =_2m
37
(50.405mm)”

= =52.93 mm.
3x16mm

A.12.4 Length L

The length L can be obtained by

2
= \/(52.93)2 - (50»:05) = 46.545 mm.

A.125 Angle y,

The angle y_ can be obtained by

d
=tan”| -
v = 2=

~ tanl( 50.405mm

= TR = 28.43e.
2x 46.545mm

A.12.6 Length L,

160

(A.11)

(A.12)

(A.13)

The length of the waveguide which is inserted into conical

horn is shown in Figure A.5. The length L, can be obtain by using the theory of

similar triangle by
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L 2 |

= =X A.14

=== (A14)
2

Hence the length L, is equal to

11.75
———mm

__ 2 4
L = 50.405 x 46.545mm =10.85 mm,
———mm

2

and the length |, is equal to

2 2
l, =\/L§ +(ng) =\/(10.85)2 +(11$j =12.339 mm.

Figure A.5 The length of waveguide which is inserted into conical horn.

We have designed the parameters of conical horn antenna at 18.75 GHz. The

parameters necessary to represent conical antenna are summarized in Table A.4.



Table A.4 Dimensions of the conical horn antenna.
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Parmeters Dimension
Diameter of conical horn, d 50.405 mm
Length | 52.930 mm
Length L 46.545 mm
Angle v, 28.43°
Length L, 10.850 mm
Length I, 12.339 mm
Length d—;‘* 5.875 mm

A.2 Analysis of the Conical Horn: the Aperture Field Method

In order to accurately predict the far field of conical horn, the aperture field

method will be described in this section. In the aperture field method, the amplitude of

the aperture field of the horn is approximated by that of the TE;; mode. In the case of

the circular conical horn, the phase distortion is spherical, centered on the single apex

of the cone. The equivalent electric and magnetic sources are then constructed from

the assumed aperture fields, and aperture integrations are performed to determine the

fields radiated by these equivalent sources. These steps are detailed in the following.

For the conical horn, the field components in the aperture plane are

approximated by
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. k,n
Ep:kO

pnm

3, (K, 0) % ( A, cOS(ng) + B, sin(ng)), (A.15)

K d 1 (K m0) % B, COS(Ng) — A, sin(ng)). (A.16)

The TE mode currents for a conical horn can be found by using the zero of the

derivative of the Bessel function J; (k pnmR) to find the radial propagation constant,
K,om = Xup / Radius. (A.17)

The equivalent electric and magnetic currents can be constructed by

J.(r)=AxH*, M_(r)==AxE? (A.18)

with A=Z is normal unitvector pointing out along the normal of the aperture and r,

is position of source point on horn aperture.

The aperture sampling of the conical horn and the aperture elelectric and
magnetic current are shown in Figure A.6. With the assumed sources (A.18), one may
construct the radiation integrals for the electric and magnetic fields, which is

performed over the horn aperture as

_—”( N )(_ﬁ_k R2 % Rs)

3
kR kR2 kR3

1 7 ' 3 . CIKRY 2 et
_ELJ'Ma(ra)xRW(H jkR)e *k2ds!,

+(J,(r)e R)R( ))e MRk 2ds! (A.19)

a
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sy Lorsnopg L N KR 2 et
H(f)—a.g\]a(ra)xRW(l+ij)e kds!

1
ArZ,

v/ ! _l_ 1 L
jsj(Ma(ra) R o) (A20)

+

v "N B\D J 3 J -] 4
+ (Ma(ra).R)R(ﬁ+k2—R2+W))e JkszdSa,

where R=|r —F]

is distance between source points on horn aperture and observation

=
=

points and R=

ot

)

=l

Notice that (A.19) and (A.20) are exact up to the assumptions made in the

-

@

sources; both near and far field can be computed using these formulas.
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Figure A.6 Aperture sampling of conical horn.
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The radiation pattern of conical horn antenna by using aperture field integation
method is shown in Figure A.7. It is found that the conical horn can provides

directivity about 17.26 dBi.
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Figure A.7 Radiation pattern of conical horn antenna.



APPENDIX B

LIST OF PUBLICATIONS



167

International Journal Paper

Thaivirot, V., Krachodnok, P., and Wongsan, R. (2008). Radiation Pattern
Synthesis from Various Shaped Reflectors Base on PO and PTD
Methods for Point-to-Multipoint Applications. WSEAS Transactions on

Communications. 7: 531-540.

Thaiwirot, W., Wongsan, R., and Krairiksh, M. (2010). Analysis and Design of a
Gaussian Backscatter Antenna with Ring Focus Feed. Progress in

Electromagnetic Research C. 17: 229-244.

International Conference Papers

Thaivirot, V., and Wongsan, R. (2007). Diffraction Analysis of a Quadratic
Backscatter Reflector Antenna using Physical Optics and Physical Theory
of Diffraction. The 2007 International Symposium on Antennas and
Propagation. 1: 197-200.

Thaivirot, V., and Wongsan, R. (2007). Analysis and Experimental Verification of
a Quadratic-Shaped Reflector Antenna. 2007 Asia-Pacific Microwave
Conference. 1: 1999-2002.

Thaivirot, V., Krachodnok, P., and Wongsan, R. (2008). The Numerical and
Experimental Study of Radiation Pattern from Various Shaped
Reflectors Base on PO and PTD Method. 7th WSEAS International
Conference on Applied Computer and Applied Computational Science. 1:

54-59.



168

Thaivirot, V., and Wongsan, R. (2008). Performance Improvement of Broad-Beam
Quadratic Reflector Antenna. The Fifth International Conference in
Electrical Engineering/Electronics, Computer, Telecommunications and
Information Technology. 1: 301-304.

Thaiwirot, W., Wongsan, R., and Krairiksh, M. (2009). A Simple Procedure for the
Design of Quadratic Backscatter Antenna with Ring Focus Feed.
Proceedings of Thailand-Japan Joint Symposium on Microwave 2009. 1:
95-98.

Thaiwirot, W., Wongsan, R., and Krairiksh, M. (2009). Design of a Quadratic
Backscatter Antenna with Ring Focus Feed. The 2009 International
Symposium on Antennas and Propagation (ISAP2009). 1: 815-818.

Thaiwirot, W., Wongsan, R., and Krairiksh, M. (2010). Design of a Gaussian
Backscatter Antenna with Ring Focus Feed. Proceeding of Progress in
Electromagnetics Research Sympasium. 1: 836-839.

Thaiwirot, W., Wongsan, R., and Krairiksh, M. (2010). A Quadratic Backscatter
Antenna with Ring Focus Feed. The 2010 International Symposium on
Antennas and Propagation. 1: 860-863.

Wongsan, R., Thaiwirot, W., and Krairiksh, M. (2010). Performance Improvement
of a Gaussian Backscatter Antenna with Ring Focus Feed. The 2010

International Symposium on Antennas and Propagation. 1: 864-867.



BIOGRAPHY

Miss Wanwisa Thaiwirot was born on May 7", 1982 in Burirum Province,
Thailand. She graduated with the Bachelor Degree of Engineering in
Telecommunication Engineering (First Class Honor) in 2004 from Suranaree
University of Technology, Nakhon Ratchasima Province, Thailand. She then attended
Suranaree University of Technology and received a Master’s Degree in
Telecommunication Engineering in 2007. After that she received scholarship from the
Office of the Higher Education Commission under the program Strategic Scholarships
for Frontier Research Network for the Joint Ph.D program in Telecommunication
Engineering, School of Telecommunication Engineering, Institute of Engineering at
Suranaree University of Technology. She worked for her research at Ando and
Hirokawa Laboratory, Tokyo Institute of Technology, Japan for five months. Her
research interests include the electromagnetic wave applications and antenna

engineering.



