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CHAPTER I

INTRODUCTION

1.1 Background of Problems and Significance of the Study

A horn antenna is widely used as antenna at Ultra-High Frequency (UHF) and
microwave frequency, above 300 MHz (Maagt et al., 2003; Bevilaqua, 2011), a type
of aperture antenna, which provides the moderately high gain as compared to the
other antennas. It consists of a flaring metal waveguide shaped like a horn to direct
electromagnetic waves in a beam which often have a directional radiation pattern with
a high antenna gain, range up to 25 dB in some cases and with 10-20 dB being
typical. Consequently, the horn antenna is widely applied for various tasks. A horn
antenna has been used in many applications, such as satellite communications, radio
astronomy, radar or remote sensing (Love, 1974; Olver et al., 1994). They are used as
feeders for larger antenna structures, as standard calibration antennas to measure the
gain of other antennas, and as directive antennas (Bakshi et al., 2009; Poole, 2010).
Their widespread applicability stems from their simplicity in construction, ease of
excitation, versatility, large gain, and preferred overall performance (Constantine,
2005). Applications requiring high gain antenna such as the parabolic reflector can be
applied with the horn antenna to enhance the higher gain. Therefore, this research
presents a study of new technique, Electromagnetic Band Gap (EBG), to improve
their gain for the conventional rectangular and circular horn antennas instead of
construction enlargement. The gain enhancement synthesis method for EBG

structures when the electromagnetic fields are transferred from aperture of a horn



antenna through EBG structures is presented. By employing, EBG structures are able
to eliminate the drawbacks of conducting ground-planes, to prevent the propagation
of surface waves, to lower the device profiles, and to improve the performances of
antennas, enhancing their directivity and the radiation efficiency (Gonzalo, Maagt,
and Sorolla, 1999; Thevenot ef al., 1999; Yang and Rahmat-Samii, 2003). Moreover,
they can be formed from dielectric structures that are periodic in one or more
dimensions (Yang and Rahmat-Samii, 2009). They are creating new possibilities for
controlling and manipulating the flow of electromagnetic waves. Also, this research
designs to simulate and fabricate a horn antenna with EBG structures based on low
loss alumina materials at dominant frequency of 10 GHz, and specify the scope of its
utilization for short range radar (SRR) of X-band radar and I-band beyond following
the Institute of Electrical and Electronics Engineers (IEEE) and the International

Telecommunication Union (ITU), respectively.

1.2 Research Objectives

The objectives of this research are as follows:

1.2.1 To study the method to design and develop the rectangular and circular
horn antennas and the EBG structures for applying to improve a horn antenna gain.

1.2.2 To study the proposed concept, the rectangular and circular horn
antennas associated with the EBG structures will be designed and simulated by using
the Computer Simulation Technology (CST) software.

1.2.3 To implement and experiment the antenna models to validate the

developing analysis tool at 10 GHz.



1.3  Scope of the Study

The study of the technique to enhance the gain of the conventional rectangular
and circular horn antennas by using woodpile EBG structures are presented. The gain
enhancement synthesis method for shaped woodpile EBG that transfers the
electromagnetic fields from aperture of a horn antenna through woodpile EBG is
presented by using the variety of shaped woodpile EBGs such as planar, triangular,
quadratic, circular, gaussian, cosine, and squared cosine structures. The licensed CST
software is utilized to investigate and design all of them. To verify the performance of
the antennas, the prototypes have been fabricated at dominant frequency of 10 GHz.
These proposed antennas are tested experimentally to validate the developing analysis

tool.

1.4 Expected Benefits
1.4.1 To obtain the conventional high gain horn antennas for applying to the
X-band radar and I-band beyond following the IEEE and the ITU, respectively.

1.4.2 To obtain the antenna prototypes at 10 GHz.

1.5 Thesis Organization

The remainder of this thesis is organized as follows. Chapter 2 presents a
development of horn antennas to improve the gain and performance. Then, this
section investigates the EBG study of type, design, and application of each type is

presented.



Chapter 3 describes the concept and configuration of conventional horn
antennas for applying to the X-band radar and I-band and then, presents theory and
principle of analysis and design of the EBG structures.

Chapter 4 provides the investigation and design of the conventional
rectangular and circular horn antennas associated with woodpile EBG structures to
improve the gain and radiation pattern characteristics, controlling the half-power
beamwidth (HPBW) symmetrically in the E-plane and H-plane, and demonstrates the
simulated results by using the licensed CST software to confirm the proposed
concept.

In Chapter 5, experimental setup and the obtained results are presented. The
prototype antennas have been designed and developed, and the manufacturing process
is described. Then, the prototype antennas are tested in an outdoor and the obtained
results are compared with simulated results.

In last chapter, Chapter 6 provides conclusion of the research work and

suggestion for further study.



CHAPTER 11

LITERATURE REVIEW

2.1 Introduction

This chapter presents the literature review for the proposed research. The basic
concept and development of horn antennas are presented. In addition, a generalized
study of the EBG structures is also presented. While the conclusion will be presented

in the last section of this chapter.

2.2 Development of A Horn Antenna

The first horn antenna was constructed in 1897 by Indian radio researcher
Jagadish Chandra Bose in his beginning experiments with microwaves (Emerson,
1997; Rodriguez, 2010). Figure 2.1 shows the microwave apparatus at the Bose
Institute, Kolkata, India. The receiver used a galena crystal detector inside a horn
antenna and galvanometer to detect microwaves (http://en.wikipedia.org). In the
1930s the first experimental research (Southworth and Barrow, 1936) and theoretical
analysis (Barrow and Chu, 1939) of horns as be antennas were done. From the
development of radar in World War 11, the horn researches have been encouraged to
design the feed horns for radar antennas as shown in Figure 2.2. A type of antenna
that combines a horn with a parabolic reflector is the Hogg or horn reflector antenna,
invented by Alfred C. Beck and Harald T. Friis in 1941 and further developed by
David C. Hogg at Bell labs in 1961. It consists of a horn antenna with a reflector

mounted in the mouth of the horn at a 45 degree angle so the radiated beam is at right



angles to the horn axis. The advantage of this design is that the horn shields the
antenna from radiation coming from angles outside the main beam axis, so its
radiation pattern has very small side lobes. Nevertheless, it is far larger and heavier
for a given aperture area than a parabolic dish and must be mounted on a cumbersome
turntable to be fully steerable. This design was used for a few radio telescopes and
communication satellite ground antennas during the 1960s. Its largest use, however,
was as fixed antennas for microwave relay links in the AT&T Long Lines microwave
network. Probably the most photographed and well-known example is the 15 m long
Holmdel Horn Antenna at Bell Labs in Holmdel, New Jersey, with which Arno
Penzias and Robert Wilson discovered cosmic microwave background radiation in
1965, for which they won the 1978 Nobel Prize in Physics as shown in Figure 2.3.
From Figure 2.4 shows large about 54 m (177 ft.) horn antenna at AT&T facility in
Andover, Maine, USA, used in 1960s to communicate with the first direct relay
satellite communications (http://en.wikipedia.org/wiki/Horn_antenna).

In addition, horn antennas widespread applicability stems from their simplicity
in construction, ease of excitation, versatility, large gain, and preferred overall
performance. The insertion of a thin metallic strip into a horn is briefly discussed
(Silver, 1949). The metallic strip is reported to improve the plane directivity of a
horn, but it is suggested that mismatch problems make the technique impractical.
There are a wide variety of horn antenna applications such as the corrugated horn,
which invented by Kay in 1962, is used as a feed horn for microwave antennas such
as satellite dishes and radio telescopes as shown in Figure 2.5. Moreover, techniques
for improving the performance of a wide-flare pyramidal horn antenna, metallic

baffles are placed inside the horn near its throat the antenna’s performance is



improved significantly (Koerner and Rogers, 2000). The metal baffles are simple
planar structures that reduce phase curvature at the aperture like as a lens. However,
the disadvantages of metallic are heavy, bulky and not easy to integrate with
monolithic microwave integrated circuits (MMICs) components. The smooth-walled
conical horn (SWCH), by virtue of its desirable qualities such as high gain,
construction simplicity and ease of excitation, is used as a standard gain antenna, as a
feed for reflectors and in polarization diversity systems (Rodriguez, 2010). On the
other hand, its poor pattern symmetry and high cross-polar radiation level make it
unsuitable for high performance applications. Much research has been devoted to high
performance conical horns such as corrugated horn, lens corrected horn and
multimode horn (Clenet and Shafai, 2000). These horns, however, in general impose
construction difficulties, and are often heavy, bulky and costly.

Wongsan et al. (2012) presented an additional Electromagnetic Band Gap
(EBQG) to improve the gain of a rectangular horn antenna by using woodpile EBG
structures, transfer the power from its aperture through EBG structures. The EBG
structures are able to eliminate the drawbacks of conducting ground-planes, to prevent
the propagation of surface waves, to lower the device profiles, and to improve the
performances of antennas such as enhancing their directivity and the radiation
efficiency. Therefore, this research presents a study of the technique to enhance the
gain of a conventional rectangular and circular horn antennas by using an EBG

structure.



Figure 2.1 The first horn antenna as the microwave apparatus at the Bose Institute,

Kolkata, India (http://en.wikipedia.org).
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Figure 2.2 Feed horns for radar antennas in World War 11

(http://prezi.com/w2ximutsy5c9/horn-antenna/).



Figure 2.3 Holmdel Horn Antenna (http://en.wikipedia.org).

Figure 2.4 A large 177 ft. horn antenna (http://en.wikipedia.org).
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Figure 2.5 The corrugated horn (Kay, 1962)

(http://prezi.com/w2ximutsy5c9/horn-antenna/).

2.3 Electromagnetic Band Gap

EBG technology, one of the most rapidly advancing materials in the
electromagnetic arena, has become a significant breakthrough in the radio frequency
(RF) and microwave applications due to their unique band gap characteristics at
certain frequency ranges that is not possible earlier (Yang et al., 2005; Alam et al.,
2013). The unique electromagnetic properties of EBG structures have led to a wide
range in antenna engineering applications. In this section, we summarize several

typical EBG applications in antenna designs (Yang and Rahmat-Samii, 2009).
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2.3.1 Antenna Substrates for Surface Wave Suppressions

In free space, the electromagnetic waves propagation along the ground
plane instead of radiation, the antenna gain and efficiency, were reduced by the
surface waves. The diffraction of surface waves increases the back lobe radiations,
which may deteriorate the signal to noise ratio in wireless communication systems.
The EBG structures have found beneficial applications in suppressing the surface
waves in various antenna design. By employing, EBG structures as substrates
(Coccioli et al., 1999; Colburn and Rahmat-Samii, 1999; McKinzie 111 ef al., 2002),
they are able to eliminate the drawbacks of conducting ground-planes, to prevent the
propagation of surface waves, to reduce the back lobes, and to improve the
performances of antennas, enhancing their directivity and the radiation efficiency.
Figure 2.6 shows a patch antenna on the Photonic Band Gap (PBG) substrate where
four columns of holes have been added in order to suppress the surface mode
(Gonzalo, Maagt, and Sorolla, 1999). The results show that the levels of surface plots
of a patch antenna on the PBG substrate have been reduced when compare to a
conventional patch antenna. Moreover, the surface waves not only increase the back
lobe radiations but also raise the mutual coupling levels in array antenna design.
Yang and Rahmat-Samii (2003) presented a comparison of patch antennas with and
without EBG structures as shown in Figure 2.7. They found that it can reduce the

mutual coupling around 8 dB.
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Figure 2.6 A patch antenna on the PBG substrate formed by four holes in a square

lattice (Gonzalo, Maagt, and Sorolla, 1999).
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(a) Patch antennas without EBG structures

(b) Patch antennas with EBG structures

Figure 2.7 EBG substrate for reducing the mutual coupling levels on patch antennas

(Yang and Rahmat-Samii, 2003).

2.3.2 Antenna Substrates for Efficient Low Profile Antenna Design
To demonstrate the fundamental principle of antenna designs, Table
2.1 shows the comparison of the EBG structures and the perfect electric conductor
(PEC) ground plane in wire antenna designs. When an electric current is vertical to a
PEC ground plane, the image current (J) has the same direction and support the
radiation from the original current so that this antenna has good radiation efficiency.

However, it complains of the relative large antenna height due to the vertical
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placement of the current. To achieve a low profile configuration, we can position a
wire antenna horizontally close to the ground plane, but the radiation efficiency is
poor because of the opposite of image current and original current. In contrast, the
EBG surface is capable of providing a constructive image current within a certain
frequency band, resulting in good radiation efficiency. Therefore, the EBG structures
exhibit a great potential for low profile efficient wire antenna applications (Yang and

Rahmat-Samii, 2009).

Table 2.1 The comparison of the EBG and the PEC ground planes.

Direction of current Efficiency Low profile
4
PEC 4 \/ X
1
e X v
PEC *-

—_— v v

From this fundamental principle concept, there are many various
antennas that have been constructed on the EBG ground plane (Li and Rahmat-Samii,
2000; Yang and Rahmat-Samii, 2003). Figure 2.8 shows a curl antenna on an EBG
structures, which radiates circularly polarized radiation patterns (Yang and Rahmat-
Samii, 2001). A curl antenna with only 0.06A height has been simulated, and it
provides a good axial ratio of less than 3 dB. Moreover, Yang and Rahmat-Samii

(2005) presented a single dipole antenna with the aid of a rectangular patch loaded
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grounded slab that can generate circularly polarized radiation patterns as shown in
Figure 2.9. This complex artificial ground plane exhibits an in-phase reflection
coefficient that helps the dipole to obtain a good return loss with a low profile
configuration, while the polarization dependent feature of the reflection phase is used

to convert the linear polarization of the single dipole to the circular polarization.

Figure 2.8 A curl antenna on an EBG structures (Yang and Rahmat-Samii, 2001).
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Figure 2.9 A dipole antenna that radiates circularly polarized patterns

(Yang and Rahmat-Samii, 2005).

2.3.3 Reflection/Transmission Surface for High Gain Antenna

In the past, the conventional high gain antennas are realized using
either parabolic antennas or large antenna arrays. Nevertheless, the curved surface of
parabolic antennas makes that it is difficult for them to be conformal, while a lot of
elements in the antenna arrays which causes the dimension of antenna is too long and
its weight is too heavy. Furthermore, the great number of electromagnetic energy will
be lost inside the feeding network. Weily ef al. (2005) presented a high gain resonator
antenna design using a woodpile EBG structures, they found that a 19 dBi antenna

gain is obtained in this design as shown in Figure 2.10.
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Figure 2.10 A high gain antenna design using the woodpile EBG structures

(Weily et al., 2005).

From this concept, this research presents a study of technique for
enhancement the gain of a conventional rectangular and circular horn antennas by
using the proper shaped of woodpile EBG structures, as the additional resonant circuit
which installed in front of the horn antennas, such as planar, triangular, quadratic,
circular, gaussian, cosine, and squared cosine structures. They are creating new

possibilities for controlling and manipulating the flow of electromagnetic waves.
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2.4 Chapter Summary

This chapter mentioned a detail and literature surveys of development of a
horn antenna. Basically, description of the first horn antenna at the Bose Institute,
Kolkata, India, is used as the microwave apparatus. After the development of radar
was started in World War II, the horn researches have been encouraged to design feed
horns for radar antennas. Moreover, horn antennas widespread applicability stems
from their simplicity in construction, ease of excitation, versatility, large gain, and
preferred overall performance. Then, Wongsan et al. (2012) presented an additional
the woodpile EBG structures, as the resonant circuit, which installed in front of horn
antenna, to mmprove the gain. The EBG structures have been investigated for
improving performances of numerous RF and microwave devices utilizing the surface

wave suppression and the AMC properties of these special types of metamaterials.



CHAPTER III

BACKGROUND THEORY

3.1 Introduction

In this chapter, we describe the theory and principle of horn antenna, one type
of aperture antennas, that is the most common at microwave frequencies. There are
many different geometrical configurations of horn antenna with rectangular and
circular of the most popular will be discussed in more details in section 3.2.
Additionally, the EBG structures are examined in section 3.3. This section addresses
definition of EBG structures, relation between EBG and metamaterials, analysis
methods for EBG structures, and woodpile EBG structures. In the last section of this

chapter, the conclusion will be presented.

3.2 Horn Antenna

A horn antenna is one of the simplest and probably the most widely used for
microwave antenna, especially as a feed element for large radio astronomy, satellite
tracking, and communication dishes. Furthermore, its utility as a feed for reflectors
and lenses, it is a common element of phased arrays and serves as universal standard
for calibration and gain measurements for other high-gain antenna (Constantine,
2005).

A horn antenna consists of a flaring metal waveguide shaped like a horn to
direct the radio waves in a beam. It can have different flare angles in the E-field and

H-field directions, making possible a wide variety of different beam profiles.
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The important dimensions of the horn antenna are horn length, aperture area, and flare
angle. The length of a typical horn is usually 2A to 15A at the operating frequency,
while the longer horns more difficult to mount and work with provide higher gain and
better directivity. In addition, the aperture area is the area of the rectangle formed by
the opening of the horn and simply the product of the height and width of the horn.
The greater this area can offer the higher gain and directivity. The flare angle also
affects gain and directivity. The typical flare angle is varied from about 20" to 50
To increase the flare angle of horn antenna, can increase the aperture area. Each of
these dimensions is adjusted to achieve the desired design objective.

An important aspect of a microwave antenna is its bandwidth. The most
antennas have a narrow bandwidth because they are resonant at only a single
operating frequency. Therefore, the dimension of their antennas will be use to
determine their operating frequency. Bandwidth is an important consideration at
microwave frequencies because the spectrum transmitted on the microwave carrier
is usually wide, so that a considerable amount of information can be carried
(http://www.intechopen.com/books/data-acquisition-applications/microwave-antenna-
performance-metrics). A horn antenna has relatively large bandwidth since it is
essentially non-resonant or periodic which means that it will operate over a wide

frequency range (Frenzel, 1996).



21

3.2.1 Types of Horn Antenna

These are the common types of horn antenna. The horns can take many
different forms, which are classified two major types such as rectangular and
circular horns. Figure 3.1 shows types of horn antenna such as pyramidal horn,
sectoral E-plane horn, sectoral H-plane horn, conical horn, and exponential horn.
The pyramidal horn is a rectangular horn antenna with in the shape of a four-sided
pyramid, with a rectangular cross section. They are a common type, used with
rectangular waveguides, and radiate linearly polarized radio waves (Bakshi et al.,
2009). The sectoral horn is a pyramidal horn with only one pair of sides flared and
the other pair parallel. It produces a fan-shaped beam, which is narrow in the plane of
the flared sides, but wide in the plane of the narrow sides. These types are often used
as feed horns for wide search radar antennas. There are two types of sectoral horn
such as (1) E-plane horn, a sectoral horn flared in the direction of the electric or
E-field in the waveguide and (2) H-plane horn, a sectoral horn flared in the direction
of the magnetic or H-field in the waveguide. The conical horn is a circular horn in the
shape of a cone and has a circular cross section. They are used with cylindrical
waveguides. The exponential horn is a circular horn with curved sides, in which the
separation of the sides increases as an exponential function of length. Also called a
scalar horn, they can have pyramidal or conical cross sections. The exponential horns
have minimum internal reflections, and almost constant impedance and other
characteristics over a wide frequency range. They are used in applications requiring
high performance, such as feed horns for communication satellite antennas and radio

telescopes (http://en.wikipedia.org/wiki/Horn_antenna).
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(a) A pyramidal horn

(b) A sectoral E-plane horn (c) A sectoral H-plane horn

ENORRNG

(d) A conical horn (e) An exponential horn

Figure 3.1 Typical horn antenna configurations (http://en.wikipedia.org).
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3.2.2 Waveguide Feeding

The horn antennas are typically fed by a section of waveguide, which
is a hollow conductive metal pipe used to carry electromagnetic waves, high
frequency radio waves and particularly microwaves. The geometry of a waveguide
reflects its function, such as rectangle and cylinder, that depends on its application, as
shown in Figure 3.2. The rectangular horns are ideally suited for rectangular
waveguide feeders. The horn acts as a gradual transition the electromagnetic wave
from a waveguide mode to a free-space mode. If the feeder is a cylindrical waveguide,
the antenna is usually a circular horn. It is necessary to consider the horns separately
instead of applying the waveguide aperture antennas directly because of the phase
error occurs due to the difference between the lengths from the center of the feeder to
the center of the horn aperture and the horn edge. This makes the uniform-phase
aperture results invalid for the horn apertures (Nikolova, 2010). A waveguide can be
made from copper or alumina, which inside surfaces are enameled with silver to be a
perfect conductor. In addition, a waveguide itself is often fed with a short monopole.
In the case of the rectangular waveguide as shown in Figure 3.3, the length of a
rectangular waveguide is 3A,/4, the length of a short monopole is Ao/4, and the
backshort wall about Ay/4 behind the short monopole ensures that the dipole sees
only radiation coming from the direction of the horn opening, where A, is a

wavelength of the signal in the guide and A is a wavelength in free space.



(a) A rectangular waveguide (b) A cylindrical waveguide

Figure 3.2 The geometry of the waveguides.

Figure 3.3 A rectangular waveguide fed with a short monopole.
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3.3 Electromagnetic Band Gap Structures

This section will mention the definition of EBG structures, the relation
between EBG and metamaterials, and the analysis methods for EBG structures.
Moreover, the woodpile EBG structures are investigated in this section.

3.3.1 EBG Definition

The EBG structures, also known as Photonic Crystals (Joannopoulos,
Meade, and Finn, 1995) or Photonic Band Gap (PBG) Materials (Yablonovitch, 1987)
are periodic structures, which do not allow the propagation of electromagnetic waves
with in certain frequency ranges. Generally speaking, the EBG structures are defined
as “artificial periodic (or sometimes non-periodic) objects that prevent/assist the
propagation of electromagnetic waves in a specified band of frequency for all incident
angles and all polarization states” (Yang and Rahmat-Samii, 2009). The EBG
structures are usually realized by periodic arrangement of dielectric material and
metallic conductors. In general, they can be categorized into three groups according to
their geometric configuration such as (1) one-dimensional (1D) transmission lines, (2)
two-dimensional (2D) planar surfaces, and (3) three-dimensional (3D) volumetric
structures.

Figure 3.4 shows the 1D EBG transmission lines design, a microstrip
line with periodic holes on the ground plane (Radisic ef al., 1998) and a composite
right-handed and left-handed transmission line (Caloz and Itoh, 2005). The 2D planar
surfaces, a mushroom-like surface (Sievenpiper ef al., 1999) and a uni-planar design
without vertical vias (Yang et al., 1999), are shown in Figure 3.5. In Figure 3.6, the

3D volumetric structures are shown in two representative structures such as a
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woodpile structure consisting of square dielectric bars (Ozbay et al., 1994) and a

multi-layer metallic tripod array (Barlevy and Rahmat-Samii, 2001).

Circular holes
in ground plane Microstrip line

L x

N
Dielectric substrate Ground plane

(a) A microstrip line with periodic holes on the ground plane (Radisic et al., 1998)

Interdigital

capacitor
Stub

%

' Via
Ground plane

(b) A composite right-handed and left-handed transmission line (Caloz and Itoh, 2005)

Figure 3.4 The 1D EBG transmission lines.
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Top view Top view

C;Ass view - | Cross view
(a) A mushroom-like surface (b) A uni-planar design
(Sievenpiper et al., 1999) (Yang et al., 1999)

Figure 3.5 The 2D EBG planar surfaces.
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(a) A woodpile structure (b) A multi-layer metallic tripod array

(Ozbay et al., 1994) (Barlevy and Rahmat-Samii, 2001)

Figure 3.6 The 3D EBG volumetric structures.

3.3.2 EBG and Metamaterials

Metamaterials, materials of interest exhibit properties not found in
nature such as negative index of refraction, are artificial media structure on a size
scale smaller than the wavelength of external stimuli. Its research is interdisciplinary
and involves fields including electrical engineering, electromagnetic, solid state
physics, microwave and antenna engineering, optoelectronics, classic optics, material
sciences, semiconductor engineering, and nanoscience (Zouhdi et al., 2008). The
electromagnetic metamaterials affect electromagnetic waves by having structural

features smaller than the wavelength of the respective electromagnetic waves. To
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behave as a homogeneous material accurately described by an effective refractive

index, its features must be much smaller than the wavelength. Depending on the

exhibited electromagnetic properties, various names have been introduced in the

literature, including (Yang and Rahmat-Samii, 2009):

Double negative (DNG) materials with both negative permittivity
and permeability;

Left-handed (LH) materials inside which the electric field (E-field)
direction, magnetic field (H-field) direction, and propagation
direction satisfy a left-hand relation;

Negative refractive index (NRI) materials that have a negative
refractive index;

Magneto materials with artificially controlled high permeability;
Soft and hard surfaces that stop or support the propagation of
waves;

High impedance surfaces with relatively large surface impedances
for both TE and TM waves;

Artificial magnetic conductors (AMC) that exhibit the same

properties as a perfect magnetic conductor.

Due to their unique band gap features, EBG structures can be regarded

as a special type of metamaterials. The EBG structures have the goal of creating high

quality, low loss, periodic, and dielectric structures. An EBG affects photons in the

same way semiconductor materials affect electrons. The EBG structures are designed

to prevent the propagation of an allocated bandwidth of frequencies, for certain arrival
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angles and polarizations. The various geometries and structures have been proposed to
fabricate EBG special properties (Engheta ef al., 2006; Zouhdi et al., 2008). The EBG
structures have been manufactured for frequencies ranging from a few gigahertz
(GHz) up to a few terahertz (THz), radio, microwave and mid-infrared frequency
regions. Besides the band gap feature, EBG also possesses some other exciting
properties such as high impedance and AMC. For example, a mushroom-like EBG
surface exhibits high surface impedances for both TE and TM polarizations.
In addition, soft and hard operations of an EBG surface have also been identified in
the frequency-wave number plane. These interesting features have led to a wide range
of applications in antenna engineering, from wire antennas to microstrip antennas,
from linearly polarized antennas to circularly polarized antennas, and from the
conventional antenna structures to novel surface wave antenna concepts and

reconfigurable antenna designs (Yang and Rahmat-Samii, 2009).

3.3.3 Analysis Methods for EBG Structures

To analyze unique features of EBG structures, three categories have
been implemented: (1) lumped element model, (2) periodic transmission line method,
and (3) full wave numerical methods.

The lumped element model is the simplest one that describes the EBG
structures as an LC resonant circuit (Sievenpiper, 1999). The values of the inductance
L and capacitance C are determined by the EBG geometry and its resonance behavior
is used to explain the band gap feature of EBG structures. This model is simple to
understand, but the results are not very accurate because of the simplified

approximation of L and C. A simple 2D planar EBG structures, the geometry is
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similar to the shape of a mushroom, consists of four parts: a metal ground plane,
a dielectric substrate, periodic metal patches on top of the substrate, and vertical vias
connecting the patches to the ground plane (Sievenpiper et al., 1999) as shown in
Figure 3.7. The parameters of the EBG structure are the patch width (#), the gap
width (g), the substrate thickness (%), the dielectric constant (g,), and the vias radius
(r). When the periodicity (W + g) is small compared to the operating wavelength, the
operation mechanism of this EBG structure can be explained using an effective
medium model with equivalent lumped LC elements, as shown in Figure 3.8. The
capacitor results from the gap between the patches and the inductor results from the

current a long adjacent patches. The impedance of parallel resonant LC circuit is

given by:
JjoL
Z=——. 3.1
1-0’LC G-D
The resonance frequency of the circuit is calculated as following:
1
(3.2)
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Top view

m

Cross view

Figure 3.7 The geometry of a mushroom-like EBG structures

(Sievenpiper et al., 1999).
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w g Patch

. Ground plane
Vias

(a) EBG parameters (b) Lumped LC model

Figure 3.8 The lumped element model for the mushroom-like EBG structures.

At low frequencies, the impedance is inductive and will supports TM
surface waves. Inversely, it becomes capacitive at high frequencies and TE surface
waves are supported. At near the resonance frequency o, high impedance is obtained
and the EBG does not support any surface waves, resulting in frequency band gap.
The high surface impedance also ensures that a plane wave will be reflected without
the phase reversal that occurs on a perfect electric conductor (PEC).

The value of the capacitor is given by the fringing capacitance between
neighboring co-planar metal sheets. This can be derived using conformal mapping,
a common technique for determining 2D electrostatic field distributions. The edge
capacitance for narrow gap situation is given by the following equation (Sievenpiper,

1999):

We,(1+
C = Mcosh_l (Mj X (3.3)
4 g
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The value of the inductor is derived from the current loop in Figure
3.8(b), consisting of the vias and metal sheets. The equivalent inductor is then
computed from the stored H-field energy and the excitation current. The inductance is
expressed as below (Sievenpiper, 1999), which depends only on the thickness of the

structure and the permeability:

L=uh. (3.4)

The periodic transmission line method is another analytical model
proposed to characterize EBG structures (Rahman and Stuchly, 2001). A mushroom-
like EBG structure as shown in Figure 3.7, the impedance of each section is calculated
using transmission line theory, and the whole structure is then cascaded together using
the theory of periodic circuit. Figure 3.9 depicts a transmission line model of EBG
structures. Between two nodes of the periodic structure, there are two contributions
(Zp and X¢) to the total impedance, which Zp is the impedance for each periodic
element and X¢ is the coupling capacitor. After analyzing the cascaded transmission
line, the dispersion curve can be readily obtained, which provides more information
than the lumped element method. A challenge in this method is how to accurately
obtain the equivalent Zp and X¢ values for general EBG structures with arbitrary
geometries. In addition, the surface wave modes, the leaky wave modes, the left- and
right-hand regions, and the band gaps can be easily identified from the dispersion

curve. However, it is not applicable for plane wave incidences.
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Figure 3.9 The transmission line model of EBG structures

(Rahman and Stuchly, 2001).

The full wave numerical methods, both the frequency domain methods
such as the Method of Moments (MoM) and the Finite Element Method (FEM) and
the time domain method like the FDTD method have been utilized by different
research groups to characterize EBG structures. For instance, Figure 3.10 shows an
FDTD model for the mushroom-like EBG analysis (Kim, Yang, and Elsherbeni,
2007). The computational code is based on a Cartesian grid cell with the absorbing
boundary conditions (Jensen, 1994). The important advantages of the full wave
numerical methods are the versatility and accuracy in analyzing different EBG
geometries and the capability to the various EBG characteristics, such as the surface

impedance, reflection phase, dispersion curve, and band gap.
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Figure 3.10 The full wave FDTD model for the EBG analysis

(Kim, Yang, and Elsherbeni, 2007).

3.3.4 Woodpile EBG Structures

In this section provides some background information of the planar
woodpile EBG structures which are also referred to as a layer-by-layer photonic
crystal in the physics literature. A unit cell of the planar woodpile EBG structures is
defined by the lattice constant or repeat distance in the horizontal plane (a), the rod
width (w), the rod height (%), and the total height of the unit cell () as shown in
Figure 3.11. These consecutive layers are orthogonal to each other, and the parallel
rods are offset from the rods two layers below by half of a lattice constant, to obtain a

four layer stacking sequence. The lattice symmetry of this material is face-centered
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tetragonal (FCT) from solid state physics theory. The cross section of the rods may be
circular or square shape, and the inverse structure made of air rods in dielectric

background also has a completed bandgap (Weily ef al., 2005).

Figure 3.11 A unit cell of four layers planar woodpile EBG structures

(Weily et al., 2005).

From a unit cell of four layers of planar woodpile EBG structures, this
research modify from four layers to one layer as shown in Figure 3.12. Besides
applying one layer of planar woodpile EBG structures, we design the format of
variety shaped woodpile EBG structures as follow the function of geometry
(Thaivirot, Krachodnok, and Wongsan, 2008) as shown in Table 3.1, such as planar,
triangular, quadratic, circular, gaussian, cosine, and squared cosine structures to
enhance the gain of the conventional rectangular and circular horn antennas. They are
creating new possibilities for controlling and manipulating the flow of

electromagnetic waves. Also, this research designs to simulate and fabricate the horn
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antennas with EBG structures based on low loss alumina materials at dominant
frequency of 10 GHz, and demonstrate its utilization in a horn antenna for X-band

radar and I-band beyond following the IEEE and the ITU, respectively.

Figure 3.12 A unit cell of one layers planar woodpile EBG structures.
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3.4 Chapter Summary

This chapter has presented the theory and principle of a horn antenna and
EBG structures. From the theory is shown that a horn antenna consists of a flaring
metal to transmit electromagnetic waves in a beam from a waveguide out into space.
This research exemplify the rectangular and circular horn antennas which are
classified two major types. Then, the applications of EBG structures in antenna
designs, that have become the popular topic for antenna engineering since these EBG
structures are capable to enhance the performance of the antenna in terms of gain, side
and back lobes levels and also mutual coupling, are presented. Furthermore, this
research apply one layer of planar woodpile EBG structures to format of variety
shaped woodpile EBG structures as follow the function of geometry for increasing

the gain of the conventional rectangular and circular horn antennas.



CHAPTER III

BACKGROUND THEORY

3.1 Introduction

In this chapter, we describe the theory and principle of horn antenna, one type
of aperture antennas, that is the most common at microwave frequencies. There are
many different geometrical configurations of horn antenna with rectangular and
circular of the most popular will be discussed in more details in section 3.2.
Additionally, the EBG structures are examined in section 3.3. This section addresses
definition of EBG structures, relation between EBG and metamaterials, analysis
methods for EBG structures, and woodpile EBG structures. In the last section of this

chapter, the conclusion will be presented.

3.2 Horn Antenna

A horn antenna is one of the simplest and probably the most widely used for
microwave antenna, especially as a feed element for large radio astronomy, satellite
tracking, and communication dishes. Furthermore, its utility as a feed for reflectors
and lenses, it is a common element of phased arrays and serves as universal standard
for calibration and gain measurements for other high-gain antenna (Constantine,
2005).

A horn antenna consists of a flaring metal waveguide shaped like a horn to
direct the radio waves in a beam. It can have different flare angles in the E-field and

H-field directions, making possible a wide variety of different beam profiles.
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The important dimensions of the horn antenna are horn length, aperture area, and flare
angle. The length of a typical horn is usually 2A to 15A at the operating frequency,
while the longer horns more difficult to mount and work with provide higher gain and
better directivity. In addition, the aperture area is the area of the rectangle formed by
the opening of the horn and simply the product of the height and width of the horn.
The greater this area can offer the higher gain and directivity. The flare angle also
affects gain and directivity. The typical flare angle is varied from about 20" to 50
To increase the flare angle of horn antenna, can increase the aperture area. Each of
these dimensions is adjusted to achieve the desired design objective.

An important aspect of a microwave antenna is its bandwidth. The most
antennas have a narrow bandwidth because they are resonant at only a single
operating frequency. Therefore, the dimension of their antennas will be use to
determine their operating frequency. Bandwidth is an important consideration at
microwave frequencies because the spectrum transmitted on the microwave carrier
is usually wide, so that a considerable amount of information can be carried
(http://www.intechopen.com/books/data-acquisition-applications/microwave-antenna-
performance-metrics). A horn antenna has relatively large bandwidth since it is
essentially non-resonant or periodic which means that it will operate over a wide

frequency range (Frenzel, 1996).
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3.2.1 Types of Horn Antenna

These are the common types of horn antenna. The horns can take many
different forms, which are classified two major types such as rectangular and
circular horns. Figure 3.1 shows types of horn antenna such as pyramidal horn,
sectoral E-plane horn, sectoral H-plane horn, conical horn, and exponential horn.
The pyramidal horn is a rectangular horn antenna with in the shape of a four-sided
pyramid, with a rectangular cross section. They are a common type, used with
rectangular waveguides, and radiate linearly polarized radio waves (Bakshi et al.,
2009). The sectoral horn is a pyramidal horn with only one pair of sides flared and
the other pair parallel. It produces a fan-shaped beam, which is narrow in the plane of
the flared sides, but wide in the plane of the narrow sides. These types are often used
as feed horns for wide search radar antennas. There are two types of sectoral horn
such as (1) E-plane horn, a sectoral horn flared in the direction of the electric or
E-field in the waveguide and (2) H-plane horn, a sectoral horn flared in the direction
of the magnetic or H-field in the waveguide. The conical horn is a circular horn in the
shape of a cone and has a circular cross section. They are used with cylindrical
waveguides. The exponential horn is a circular horn with curved sides, in which the
separation of the sides increases as an exponential function of length. Also called a
scalar horn, they can have pyramidal or conical cross sections. The exponential horns
have minimum internal reflections, and almost constant impedance and other
characteristics over a wide frequency range. They are used in applications requiring
high performance, such as feed horns for communication satellite antennas and radio

telescopes (http://en.wikipedia.org/wiki/Horn_antenna).
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=1

(a) A pyramidal horn

(b) A sectoral E-plane horn (c) A sectoral H-plane horn

ENORRNG

(d) A conical horn (e) An exponential horn

Figure 3.1 Typical horn antenna configurations (http://en.wikipedia.org).
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3.2.2 Waveguide Feeding

The horn antennas are typically fed by a section of waveguide, which
is a hollow conductive metal pipe used to carry electromagnetic waves, high
frequency radio waves and particularly microwaves. The geometry of a waveguide
reflects its function, such as rectangle and cylinder, that depends on its application, as
shown in Figure 3.2. The rectangular horns are ideally suited for rectangular
waveguide feeders. The horn acts as a gradual transition the electromagnetic wave
from a waveguide mode to a free-space mode. If the feeder is a cylindrical waveguide,
the antenna is usually a circular horn. It is necessary to consider the horns separately
instead of applying the waveguide aperture antennas directly because of the phase
error occurs due to the difference between the lengths from the center of the feeder to
the center of the horn aperture and the horn edge. This makes the uniform-phase
aperture results invalid for the horn apertures (Nikolova, 2010). A waveguide can be
made from copper or alumina, which inside surfaces are enameled with silver to be a
perfect conductor. In addition, a waveguide itself is often fed with a short monopole.
In the case of the rectangular waveguide as shown in Figure 3.3, the length of a
rectangular waveguide is 3A,/4, the length of a short monopole is Ao/4, and the
backshort wall about Ay/4 behind the short monopole ensures that the dipole sees
only radiation coming from the direction of the horn opening, where A, is a

wavelength of the signal in the guide and A is a wavelength in free space.



(a) A rectangular waveguide (b) A cylindrical waveguide

Figure 3.2 The geometry of the waveguides.

Figure 3.3 A rectangular waveguide fed with a short monopole.
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3.3 Electromagnetic Band Gap Structures

This section will mention the definition of EBG structures, the relation
between EBG and metamaterials, and the analysis methods for EBG structures.
Moreover, the woodpile EBG structures are investigated in this section.

3.3.1 EBG Definition

The EBG structures, also known as Photonic Crystals (Joannopoulos,
Meade, and Finn, 1995) or Photonic Band Gap (PBG) Materials (Yablonovitch, 1987)
are periodic structures, which do not allow the propagation of electromagnetic waves
with in certain frequency ranges. Generally speaking, the EBG structures are defined
as “artificial periodic (or sometimes non-periodic) objects that prevent/assist the
propagation of electromagnetic waves in a specified band of frequency for all incident
angles and all polarization states” (Yang and Rahmat-Samii, 2009). The EBG
structures are usually realized by periodic arrangement of dielectric material and
metallic conductors. In general, they can be categorized into three groups according to
their geometric configuration such as (1) one-dimensional (1D) transmission lines, (2)
two-dimensional (2D) planar surfaces, and (3) three-dimensional (3D) volumetric
structures.

Figure 3.4 shows the 1D EBG transmission lines design, a microstrip
line with periodic holes on the ground plane (Radisic ef al., 1998) and a composite
right-handed and left-handed transmission line (Caloz and Itoh, 2005). The 2D planar
surfaces, a mushroom-like surface (Sievenpiper ef al., 1999) and a uni-planar design
without vertical vias (Yang et al., 1999), are shown in Figure 3.5. In Figure 3.6, the

3D volumetric structures are shown in two representative structures such as a
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woodpile structure consisting of square dielectric bars (Ozbay et al., 1994) and a

multi-layer metallic tripod array (Barlevy and Rahmat-Samii, 2001).

Circular holes
in ground plane Microstrip line

L x

N
Dielectric substrate Ground plane

(a) A microstrip line with periodic holes on the ground plane (Radisic et al., 1998)

Interdigital

capacitor
Stub

%

' Via
Ground plane

(b) A composite right-handed and left-handed transmission line (Caloz and Itoh, 2005)

Figure 3.4 The 1D EBG transmission lines.
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Top view Top view

C;Ass view - | Cross view
(a) A mushroom-like surface (b) A uni-planar design
(Sievenpiper et al., 1999) (Yang et al., 1999)

Figure 3.5 The 2D EBG planar surfaces.
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(a) A woodpile structure (b) A multi-layer metallic tripod array

(Ozbay et al., 1994) (Barlevy and Rahmat-Samii, 2001)

Figure 3.6 The 3D EBG volumetric structures.

3.3.2 EBG and Metamaterials

Metamaterials, materials of interest exhibit properties not found in
nature such as negative index of refraction, are artificial media structure on a size
scale smaller than the wavelength of external stimuli. Its research is interdisciplinary
and involves fields including electrical engineering, electromagnetic, solid state
physics, microwave and antenna engineering, optoelectronics, classic optics, material
sciences, semiconductor engineering, and nanoscience (Zouhdi et al., 2008). The
electromagnetic metamaterials affect electromagnetic waves by having structural

features smaller than the wavelength of the respective electromagnetic waves. To
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behave as a homogeneous material accurately described by an effective refractive

index, its features must be much smaller than the wavelength. Depending on the

exhibited electromagnetic properties, various names have been introduced in the

literature, including (Yang and Rahmat-Samii, 2009):

Double negative (DNG) materials with both negative permittivity
and permeability;

Left-handed (LH) materials inside which the electric field (E-field)
direction, magnetic field (H-field) direction, and propagation
direction satisfy a left-hand relation;

Negative refractive index (NRI) materials that have a negative
refractive index;

Magneto materials with artificially controlled high permeability;
Soft and hard surfaces that stop or support the propagation of
waves;

High impedance surfaces with relatively large surface impedances
for both TE and TM waves;

Artificial magnetic conductors (AMC) that exhibit the same

properties as a perfect magnetic conductor.

Due to their unique band gap features, EBG structures can be regarded

as a special type of metamaterials. The EBG structures have the goal of creating high

quality, low loss, periodic, and dielectric structures. An EBG affects photons in the

same way semiconductor materials affect electrons. The EBG structures are designed

to prevent the propagation of an allocated bandwidth of frequencies, for certain arrival
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angles and polarizations. The various geometries and structures have been proposed to
fabricate EBG special properties (Engheta ef al., 2006; Zouhdi et al., 2008). The EBG
structures have been manufactured for frequencies ranging from a few gigahertz
(GHz) up to a few terahertz (THz), radio, microwave and mid-infrared frequency
regions. Besides the band gap feature, EBG also possesses some other exciting
properties such as high impedance and AMC. For example, a mushroom-like EBG
surface exhibits high surface impedances for both TE and TM polarizations.
In addition, soft and hard operations of an EBG surface have also been identified in
the frequency-wave number plane. These interesting features have led to a wide range
of applications in antenna engineering, from wire antennas to microstrip antennas,
from linearly polarized antennas to circularly polarized antennas, and from the
conventional antenna structures to novel surface wave antenna concepts and

reconfigurable antenna designs (Yang and Rahmat-Samii, 2009).

3.3.3 Analysis Methods for EBG Structures

To analyze unique features of EBG structures, three categories have
been implemented: (1) lumped element model, (2) periodic transmission line method,
and (3) full wave numerical methods.

The lumped element model is the simplest one that describes the EBG
structures as an LC resonant circuit (Sievenpiper, 1999). The values of the inductance
L and capacitance C are determined by the EBG geometry and its resonance behavior
is used to explain the band gap feature of EBG structures. This model is simple to
understand, but the results are not very accurate because of the simplified

approximation of L and C. A simple 2D planar EBG structures, the geometry is
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similar to the shape of a mushroom, consists of four parts: a metal ground plane,
a dielectric substrate, periodic metal patches on top of the substrate, and vertical vias
connecting the patches to the ground plane (Sievenpiper et al., 1999) as shown in
Figure 3.7. The parameters of the EBG structure are the patch width (#), the gap
width (g), the substrate thickness (%), the dielectric constant (g,), and the vias radius
(r). When the periodicity (W + g) is small compared to the operating wavelength, the
operation mechanism of this EBG structure can be explained using an effective
medium model with equivalent lumped LC elements, as shown in Figure 3.8. The
capacitor results from the gap between the patches and the inductor results from the

current a long adjacent patches. The impedance of parallel resonant LC circuit is

given by:
JjoL
Z=——. 3.1
1-0’LC G-D
The resonance frequency of the circuit is calculated as following:
1
(3.2)



=

0

Top view

m

Cross view

Figure 3.7 The geometry of a mushroom-like EBG structures

(Sievenpiper et al., 1999).
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w g Patch

. Ground plane
Vias

(a) EBG parameters (b) Lumped LC model

Figure 3.8 The lumped element model for the mushroom-like EBG structures.

At low frequencies, the impedance is inductive and will supports TM
surface waves. Inversely, it becomes capacitive at high frequencies and TE surface
waves are supported. At near the resonance frequency o, high impedance is obtained
and the EBG does not support any surface waves, resulting in frequency band gap.
The high surface impedance also ensures that a plane wave will be reflected without
the phase reversal that occurs on a perfect electric conductor (PEC).

The value of the capacitor is given by the fringing capacitance between
neighboring co-planar metal sheets. This can be derived using conformal mapping,
a common technique for determining 2D electrostatic field distributions. The edge
capacitance for narrow gap situation is given by the following equation (Sievenpiper,

1999):

We,(1+
C = Mcosh_l (Mj X (3.3)
4 g
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The value of the inductor is derived from the current loop in Figure
3.8(b), consisting of the vias and metal sheets. The equivalent inductor is then
computed from the stored H-field energy and the excitation current. The inductance is
expressed as below (Sievenpiper, 1999), which depends only on the thickness of the

structure and the permeability:

L=uh. (3.4)

The periodic transmission line method is another analytical model
proposed to characterize EBG structures (Rahman and Stuchly, 2001). A mushroom-
like EBG structure as shown in Figure 3.7, the impedance of each section is calculated
using transmission line theory, and the whole structure is then cascaded together using
the theory of periodic circuit. Figure 3.9 depicts a transmission line model of EBG
structures. Between two nodes of the periodic structure, there are two contributions
(Zp and X¢) to the total impedance, which Zp is the impedance for each periodic
element and X¢ is the coupling capacitor. After analyzing the cascaded transmission
line, the dispersion curve can be readily obtained, which provides more information
than the lumped element method. A challenge in this method is how to accurately
obtain the equivalent Zp and X¢ values for general EBG structures with arbitrary
geometries. In addition, the surface wave modes, the leaky wave modes, the left- and
right-hand regions, and the band gaps can be easily identified from the dispersion

curve. However, it is not applicable for plane wave incidences.
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Figure 3.9 The transmission line model of EBG structures

(Rahman and Stuchly, 2001).

The full wave numerical methods, both the frequency domain methods
such as the Method of Moments (MoM) and the Finite Element Method (FEM) and
the time domain method like the FDTD method have been utilized by different
research groups to characterize EBG structures. For instance, Figure 3.10 shows an
FDTD model for the mushroom-like EBG analysis (Kim, Yang, and Elsherbeni,
2007). The computational code is based on a Cartesian grid cell with the absorbing
boundary conditions (Jensen, 1994). The important advantages of the full wave
numerical methods are the versatility and accuracy in analyzing different EBG
geometries and the capability to the various EBG characteristics, such as the surface

impedance, reflection phase, dispersion curve, and band gap.
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Figure 3.10 The full wave FDTD model for the EBG analysis

(Kim, Yang, and Elsherbeni, 2007).

3.3.4 Woodpile EBG Structures

In this section provides some background information of the planar
woodpile EBG structures which are also referred to as a layer-by-layer photonic
crystal in the physics literature. A unit cell of the planar woodpile EBG structures is
defined by the lattice constant or repeat distance in the horizontal plane (a), the rod
width (w), the rod height (%), and the total height of the unit cell () as shown in
Figure 3.11. These consecutive layers are orthogonal to each other, and the parallel
rods are offset from the rods two layers below by half of a lattice constant, to obtain a

four layer stacking sequence. The lattice symmetry of this material is face-centered
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tetragonal (FCT) from solid state physics theory. The cross section of the rods may be
circular or square shape, and the inverse structure made of air rods in dielectric

background also has a completed bandgap (Weily ef al., 2005).

Figure 3.11 A unit cell of four layers planar woodpile EBG structures

(Weily et al., 2005).

From a unit cell of four layers of planar woodpile EBG structures, this
research modify from four layers to one layer as shown in Figure 3.12. Besides
applying one layer of planar woodpile EBG structures, we design the format of
variety shaped woodpile EBG structures as follow the function of geometry
(Thaivirot, Krachodnok, and Wongsan, 2008) as shown in Table 3.1, such as planar,
triangular, quadratic, circular, gaussian, cosine, and squared cosine structures to
enhance the gain of the conventional rectangular and circular horn antennas. They are
creating new possibilities for controlling and manipulating the flow of

electromagnetic waves. Also, this research designs to simulate and fabricate the horn
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antennas with EBG structures based on low loss alumina materials at dominant
frequency of 10 GHz, and demonstrate its utilization in a horn antenna for X-band

radar and I-band beyond following the IEEE and the ITU, respectively.

Figure 3.12 A unit cell of one layers planar woodpile EBG structures.



Table 3.1 Formulations of elementary geometrical function.
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3.4 Chapter Summary

This chapter has presented the theory and principle of a horn antenna and
EBG structures. From the theory is shown that a horn antenna consists of a flaring
metal to transmit electromagnetic waves in a beam from a waveguide out into space.
This research exemplify the rectangular and circular horn antennas which are
classified two major types. Then, the applications of EBG structures in antenna
designs, that have become the popular topic for antenna engineering since these EBG
structures are capable to enhance the performance of the antenna in terms of gain, side
and back lobes levels and also mutual coupling, are presented. Furthermore, this
research apply one layer of planar woodpile EBG structures to format of variety
shaped woodpile EBG structures as follow the function of geometry for increasing

the gain of the conventional rectangular and circular horn antennas.



CHAPTER 1V

ANTENNA ANALYSIS AND DESIGN

4.1 Introduction

This chapter presents analysis and design of horn antennas and EBG
structures. In the first section, the woodpile EBG structures are designed to utilize
with horn antennas for providing higher gain and symmetrical radiation pattern. Next
section will mention the details of increasing gains of rectangular and circular horn
antennas with same designed the woodpile EBG structures by controlling the
radiation pattern in the E-plane and H-plane symmetrically. The antenna
characteristics such as reflected power (S1;), voltage standing wave ratio (VSWR),
radiation patterns and gain are simulated by using the CST software. Finally,

conclusion will be the last section of this chapter.

4.2 The Woodpile EBG Configuration

A woodpile 1s a 3D EBG structures made of a stack of square cross-section
rod. The unit cell of one layers planar woodpile EBG structures is shown in Figure
3.12 (in Chapter 3). The dimension of woodpile EBG structures is specified by the
distance in the horizontal plane (a), the rod width (w), and the rod height (4).
To implement the woodpile, this research used alumina rods (g, = 8.4, tand = 0.002)
and the cross section of each one is rectangular shape. The lattice parameters are
given as follow Kampeephat et al. (2014) with a = 0.225X and w = A = 0.053A. To

design the appropriate shape of woodpile EBG structures, this research used functions
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of geometries (Thaivirot, Krachodnok, and Wongsan, 2008) as shown in Table 3.1 (in
Chapter 3), such as planar, triangular, quadratic, circular, gaussian, cosine, and
squared cosine structures to investigate the desired performance, especially radiation
pattern and gain. The design parameters of the gain improvement for a rectangular
horn antenna with two side-wing slabs are the most proper shaped woodpile EBG
structure, the distance between a horn and woodpile EBG structures (d), and the
radius of quadratic shaped (r). Firstly, we look at the effect of the variation of shaped
woodpile EBG structures; d and r are fixed at 30A and 5\, respectively. Figure 4.1
shows the gain against the various shaped woodpile EBG structures at the operating
frequency of 10 GHz. The highest gain of 24.34 dB is provided when the woodpile
EBG structure is quadratic shaped. Also, the appropriate HPBW in the E-plane and
H-plane are the narrowest. Therefore, the quadratic-shaped woodpile EBG is used to
gain some parts of the electromagnetic energy and suppress the surface wave that
occurred on the slabs. Secondly, we look at the effect of the variation of distance d,
and r is fixed at SA. Figure 4.2 shows the gain against the d at the operating frequency
of 10 GHz. The highest gain of 25.70 dB is provided at d equal to 16.5A. Next, we
have been studied the effect of the r variation on the gain of a rectangular horn
antenna with two side-wing slabs and quadratic shaped woodpile EBG, while d is
fixed at 16.5A, thus the result is improved as shown in Figure 4.3. We found that the
gain is increased from 25.70 dB to 25.74 dB at r equal to 5.3\ approximately. Finally,
we found that the highest gain of a rectangular horn antenna with two side-wing slabs
was obtained by using the quadratic shaped woodpile EBG structures and optimized

the distance d = 16.5A and the radius of shape » = 5.3A as shown in Figure 4.4.
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Figure 4.1 Simulated gain against the various shaped woodpile EBG.
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Figure 4.3 Simulated gain against the radius of shape r.
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(a) Front view (b) Side view

Figure 4.4 The configuration of quadratic shaped woodpile EBG structures.

To analyze the unique features of this quadratic shaped woodpile EBG
structures, the lumped element model has been implemented as shown in Figure 4.5.
From the results of the design parameters for gain improvement, we found that the
capacitance C can be used to adjust HPBW in the E-plane, when C is increased
HPBW in the E-plane is also enlarged, and the inductance L can be used to control
HPBW in the H-plane, when L is increased, HPBW in the H-plane will be increased.
Furthermore, one unit cell and all of the quadratic shaped woodpile EBG structures
have been analyzed by using the cavity model with CST software to obtain the
exhibition bandgap characteristics as shown in Figure 4.6. Figure 4.7 shows the
bandgap characteristics of these woodpile EBG structures, which are designed from
9.22 GHz to 10.72 GHz for one unit cell and from 9.24 GHz to 10.71 GHz for the

quadratic shaped. We found that the results of Figure 4.6 and 4.7 are not different.
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lunit cell

(a) A unit cell of the quadratic shaped woodpile EBG structures
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(b) The lumped LC circuit

Figure 4.5 The lumped LC model of one unit cell.
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(a) Determining feed ports of one unit cell
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(b) Determining boundary conditions one unit cell

Figure 4.6 The cavity model of woodpile EBG.
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(c) Determining feed ports of the quadratic shaped
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(d) Determining boundary conditions of the quadratic shaped

Figure 4.6 The cavity model of woodpile EBG (Continued).
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Figure 4.7 The bandgap characteristics of woodpile EBG.
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4.3 A Rectangular Horn Antenna Configuration

4.3.1 A Conventional Rectangular Horn Antenna

(Type-A rectangular horn)

A horn antenna may be considered as a transformer from the
impedance of a transmission line to the impedance of free space, 377 . A common
microwave transmission line is waveguide, which is a hollow pipe for carrying
an electromagnetic wave. The horn antenna consists of a flaring metal waveguide for
guiding the radio waves into free space. The design of a conventional rectangular
horn antenna was initiated by determining its aperture dimension as follow Bakshi
et al. (2009) as shown in Figure 4.8. The simulated results with CST software show
that reflected power or S;; (at -10 dB), VSWR, and normalized radiation patterns of
a conventional rectangular horn antenna at the operating frequency of 10 GHz (next,
we will call this horn antenna as Type-A rectangular horn) with the gain of 17.67 dB
as shown in Figure 4.9, 4.10, and 4.11, respectively. It is found that the simulated S,
of Type-A rectangular horn is -22.28 dB and correspond to VSWR is around 1.17.
The HPBW results in the E-plane and H-plane, which shown as the ratio of evaluation

pattern to azimuth pattern (EL:AZ), is 21.7:24" (1:1.11).
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(a) Perspective view

(b) Side view

Figure 4.8 A conventional rectangular horn antenna (Type-A rectangular horn).
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Figure 4.9 Simulated result of reflected power (S;;) of a Type-A rectangular horn.
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Figure 4.10 Simulated VSWR of a Type-A rectangular horn.
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Figure 4.11 Simulated radiation patterns of a Type-A rectangular horn.
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4.3.2 A Conventional Rectangular Horn Antenna and the Designed

Woodpile EBG (Type-B rectangular horn)

The principle for gain increment of antenna, the HPBW will be narrow
and side lobe level (SLL) should be decreased. From our study, we found that the
proper structure of woodpile EBG is capable to enhance the gain of antenna as the
additional resonant circuit which installed at front of a horn antenna. Furthermore, the
woodpile EBG structures can be appropriately shaped for reducing side and back
lobes of the directional antenna (Weily ef al., 2005; Lee et al., 2009). Therefore, the
designed quadratic shaped woodpile EBG is additionally installed in front of a
conventional rectangular horn antenna with distance d = 16.5A. This case will be
called that Type-B rectangular horn, as shown in Figure 4.12. From the simulated
results by using CST software, we found that the gain is increased from 17.67 dB to
25.58 dB but SLLs are also increased as shown in Figure 4.15. The HPBW ratio in the
E-plane and H-plane, EL:AZ, is 7.1:6.9" (1.03:1). The S;; and VSWR at the operating
frequency of 10 GHz are shown in Figure 4.13 and 4.14, respectively. It notes that
S;1 and VSWR of Type-B rectangular horn are not varied when compared to the
Type-A rectangular horn, therefore, the designed woodpile EBG is not the effect of

the operating frequency of a rectangular horn antenna.



Figure 4.12 A conventional rectangular horn antenna and the designed woodpile

EBG (Type-B rectangular horn).
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Figure 4.13 Simulated result of reflected power (S;;) of a Type-B rectangular horn.
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Figure 4.14 Simulated VSWR of a Type-B rectangular horn.
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Figure 4.15 Simulated radiation patterns of a Type-B rectangular horn.
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4.3.3 A Rectangular Horn Antenna with Two Side-Wing Slabs

(Type-C rectangular horn)

From the results of a Type-B rectangular horn, SLL in H-plane is also
high even if its HPBW is narrow and high gain. Then, we suppose that if the designed
quadratic shaped woodpile EBG is symmetrical shape, which is placed in front
of horn antenna which has the symmetrical radiation pattern. The SLL will be
decreased and higher gain is obtained. Therefore, to improve the radiation pattern,
a conventional rectangular horn antenna will be added with two side-wing slabs on the
left and right sides, to control HPBW symmetrically in the E-plane and H-plane as
shown in Figure 4.16 and it is called that Type-C rectangular horn. From the
simulated results by using CST software, we found that the dimension for each
side-wing slab is 0.625A as shown in Table 4.1. It yields quite symmetrical HPBW,
high gain, and low SLLs when compared to the conventional rectangular horn. The
simulated results show that S;; of Type-C rectangular horn at the operating frequency
of 10 GHz is around -25.08 dB and VSWR is around 1.12 as shown in Figure 4.17
and 4.18, respectively. The normalized radiation patterns of a Type-C rectangular
horn with the gain of 18.08 dB is shown in Figure 4.19. The HPBW ratio in the

E-plane and H-plane, EL:AZ, is 21.7:20.6  (1.05:1).
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Table 4.1 The simulated results of various dimension of two side-wing slabs

installed at the aperture of a rectangular horn antenna.

Dimension Gain HPBW SLL (dB)

of wing slab (dB) EL:AZ E-plane/H-plane
O\ 17.40 25712141)0 _18.1/-22.2
0.25% 17.68 221512024)3 -17.8/-25.9
0.3751 17.74 21(71?)17 -17.6/-21.8
0.51 17.90 255_;;32:11')10 _17.8/-22.4
0.625 18.08 221705201)6 [18.1/-26.4
0.75\ 18.08 2%;:62:01')3 o -18.0/-25.8
0.875) 18.14 221809201)0 [18.0/-13.9
1 18.22 22.0:19.8 -18.3/-14.0

(1.11:1)
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(a) Perspective view (b) Side view

Figure 4.16 A rectangular horn antenna with two side-wing slabs

(Type-C rectangular horn).
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Figure 4.17 Simulated result of reflected power (S;;) of a Type-C rectangular horn.
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Figure 4.18 Simulated VSWR of a Type-C rectangular horn.
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Figure 4.19 Simulated radiation patterns of a Type-C rectangular horn.
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4.3.4 A Rectangular Horn Antenna with Two Side-Wing Slabs and the

Designed Woodpile EBG (Type-D rectangular horn)

After, the radiation patterns of a rectangular horn antenna are
improved to be quite symmetrical by adding two side-wing slabs on the left and right
sides. The designed quadratic shaped woodpile EBG is installed in front of this
modified rectangular horn antenna with distance d = 16.5A, we called this case that
Type-D rectangular horn, as shown in Figure 4.20. From the results of CST software,
we found that the gain is increased from 18.08 dB to 25.75 dB. Moreover, it evidently
provides the symmetrical radiation patterns both in E-plane and H-plane and
moderately yields higher gain around 8 dB when compared to a conventional
rectangular horn antenna. Its bandwidth is started from 9.36 GHz to 10.64 GHz or
about 1.28 GHz (12.8%) at S;; is at -10 dB, which are wide enough and can be well
utilized for X-band radar and I-band beyond following the IEEE and the ITU,
respectively, as shown in Figure 4.21. The VSWR and normalized radiation patterns
at the operating frequency of 10 GHz of a Type-D rectangular horn are shown in
Figure 4.22 and 4.23, respectively. The HPBW ratio in the E-plane and H-plane,
EL:AZ, is 6.8":6.9 or 1:1.01.

Table 4.2 shows the comparison of simulated results of four types of
the rectangular horn antennas such as the gains, HPBWs, and SLLs. Besides, the
comparison of S;;, VSWR, and radiation patterns of four types of the rectangular horn
antennas are shown in Figure 4.24, 4.25, and 4.26, respectively. In consequence, the
proper designed quadratic shaped woodpile EBG structures can provide the
moderately highest gain of 25.75 dB at the operating frequency of 10 GHz and the

radiation patterns of a rectangular horn antenna are quite symmetrical.
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Figure 4.20 A rectangular horn antenna with two side-wing slabs and the designed

woodpile EBG (Type-D rectangular horn).
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Figure 4.21 Simulated result of reflected power (S;;) of a Type-D rectangular horn.
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Figure 4.22 Simulated VSWR of a Type-D rectangular horn.
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Figure 4.23 Simulated radiation patterns of a Type-D rectangular horn.
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Table 4.2 The simulated results of four types of the rectangular horn antennas.

The rectangular Gain HPBW SLL (dB)
horn antennas (dB) EL:AZ E-plane/H-plane
Type-Ahf:rCr:angular 17.67 2(1 lef') -18.1/-22.2
T ype-Bhr:rcr:angular 75,58 Zﬁ;?f; -16.3/-11.0
TYPC'C;:f;angular 18.08 225;52:01')6 o [18.1/-26.4
Type-D rectangular 2574 6.87:6.9° 16.5/-20.0

horn

(1:1.01)
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Figure 4.24 Simulated result of reflected power (Si;)of four types

of the rectangular horn antennas.
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Figure 4.25 Simulated VSWR of four types of the rectangular horn antennas.
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Figure 4.26 Simulated radiation patterns of four types

of the rectangular horn antennas.
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4.4 A Circular Horn Antenna Configuration

4.4.1 A Conventional Circular Horn Antenna (Type-A circular horn)

The circular or conical horn antenna is the second horn that is
popularly utilized applications in microwave band. While the rectangular horn
antennas are usually fed by the rectangular waveguide but the feed of the circular horn
antenna is the circular waveguide. However, in this research, a rectangular waveguide
and a converter circular to rectangular waveguide adapter has been used to feed the
signal into the circular horn antenna, because it is simple to design and there is a
rectangular waveguide in laboratory. The design of a conventional circular horn
antenna (next, we will call this horn antenna as Type-A circular horn) is initiated by
determining its aperture dimension as follow Balanis (2005) as shown in Figure 4.27.
The simulated results by using CST software, show the reflected power or S;; of a
Type-A circular horn at the operating frequency of 10 GHz is around -31.72 which
answer to VSWR is around 1.05 as shown in Figure 4.28 and 4.29, respectively. The
normalized radiation patterns of a Type-A circular horn with the gain of 19.33 dB is
shown in Figure 4.30. The ratio of HPBW in the E-plane and H-plane, EL:AZ, is

equal 16.7:19.5 or 1:1.17.
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(a) Perspective view (b) Side view

Figure 4.27 A conventional circular horn antenna and waveguide adapter

(Type-A circular horn).
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Figure 4.28 Simulated result of reflected power (S;;) of a Type-A circular horn.

45— PPN A /
4 /
3.5 7N

N\ /
N/

8 9 10 11 12
Frequency (GHz)

VSWR
v
™~

Figure 4.29 Simulated VSWR of'a Type-A circular horn.
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Figure 4.30 Simulated radiation patterns of a Type-A circular horn.
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4.4.2 A Conventional Circular Horn Antenna and the Designed

Woodpile EBG (Type-B circular horn)

In addition, a similar quadratic shaped woodpile EBG, which was used
with the rectangular horn, is used again and installed in front of a conventional
circular horn antenna with distance d = 16.5A as shown in Figure 4.31, and it is called
that Type-B circular horn. From the simulated results by using CST software, we
found that the gain is increased from 19.33 dB to 25.76 dB but SLLs are also
increased as shown in Figure 4.34, the same as a Type-B rectangular horn case.
The S;; of a Type-B circular horn at the operating frequency of 10 GHz is around
-35.80 dB and agree with VSWR is around 1.03 as shown in Figure 4.32 and 4.33,
respectively. Furthermore, we found that the designed quadratic shaped woodpile
EBG is not the effect of the operating frequency of a circular horn antenna. From
Figure 4.34, the ratio of HPBW in the E-plane and H-plane, EL:AZ, is equal 6.4:7.3"

or1:1.14.
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Figure 4.31 A conventional circular horn antenna and the designed woodpile EBG

(Type-B circular horn).
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Figure 4.32 Simulated result of reflected power (S;;) of a Type-B circular horn.
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Figure 4.33 Simulated VSWR of'a Type-B circular horn.
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Figure 4.34 Simulated radiation patterns of a Type-B circular horn.
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4.4.3 A Circular Horn Antenna with Two Side-Wing Slabs

(Type-C circular horn)

In the same way as a Type-C rectangular horn case, we suppose that if
the designed quadratic shaped woodpile EBG is symmetrical shape, which is placed
in front of circular horn antenna which has the symmetrical radiation pattern. The
SLL will be decreased and higher gain is obtained. Therefore, to improve the radiation
pattern, a conventional circular horn antenna will be added with two side-wing slabs
on the left and right sides, to control HPBW symmetrically in the E-plane and
H-plane as shown in Figure 4.35 and it is called that Type-C circular horn. From the
simulated results by using CST software, we found that the dimension for each side-
wing slab is approximately 0.754, it yields quite symmetrical HPBW, high gain, and
low SLLs as shown in Table 4.3. The S;; of a Type-C circular horn at the operating
frequency of 10 GHz is around -33.22 dB and VSWR is around 1.04 as shown in
Figure 4.36 and 4.37, respectively. The normalized radiation patterns of a Type-C
circular horn with the gain of 19.67 dB is shown in Figure 4.38. The ratio of HPBW

in the E-plane and H-plane, EL:AZ, is 16.7 :18.1" (1:1.08).
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Table 4.3 The simulated results of various dimension of two side-wing slabs

installed at the aperture of a circular horn antenna.

Dimension Gain HPBW SLL (dB)

of wing slab (dB) EL:AZ E-plane/H-plane
0h 19.33 16(171 1197;— O 22.5/-22.5
0.251 19.46 1%7:01:.115:%3.)80 -20.6/-29.1
0.375) 19.53 16(f11f)6 120.3/-24.3
0.51 19.63 I?f}_lﬁ')s o -20.9/-23.0
0.625 19.66 1%5: }_1181')3 o 21.0/-27.6
0.751 19.67 1%7:01:_10%)10 -20.5/-27.4
0.875) 19.70 1?51:.1088.)1" -19.9/-17.4
I 19.77 16.7:18.0 119.3/-17.6

(1:1.08)
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(a) Perspective view (b) Side view

Figure 4.35 A circular horn antenna with two side-wing slabs (Type-C circular horn).
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Figure 4.36 Simulated result of reflected power (S;;) of a Type-C circular horn.
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Figure 4.37 Simulated VSWR of'a Type-C circular horn.
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Figure 4.38 Simulated radiation patterns of a Type-C circular horn.
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4.4.4 A Circular Horn Antenna with Two Side-Wing Slabs and the

Designed Woodpile EBG (Type-D circular horn)

After the radiation patterns of a circular horn antenna are improved to
be quite symmetrical by adding two side-wing slabs on the left and right sides. The
designed quadratic shaped woodpile EBG is installed in front of this modified circular
horn antenna with distance d = 16.5A, we called this case that Type-D circular horn,
as shown in Figure 4.39. From the simulated results by using CST software, we found
that the gain is increased from 19.33 dB to 26.03 dB. Besides, it provides the
symmetrical radiation patterns both in E-plane and H-plane and moderately higher
gain around 6.7 dB when compared to a conventional circular horn antenna. The S,
at -10 dB, started 9.31 GHz to 10.67 GHz and its bandwidth is around 1.36 GHz or
13.6%, which are wide enough and can be well utilized for X-band radar and I-band
beyond following the IEEE and the ITU, respectively, as shown in Figure 4.40. The
VSWR of a Type-D circular horn at the operating frequency of 10 GHz is 1.03 as
shown in Figure 4.41. From Figure 4.42, the HPBW ratio in the E-plane and H-plane,
EL:AZ, is equal 6.37:6.6 (1:1.05).

Table 4.4 shows the comparison of simulated results by using the CST
software of four types of the circular horn antennas such as the gains, HPBWs, and
SLLs. In addition, the comparison of S;;, VSWR, and radiation patterns of four types
of the circular horn antennas are shown in Figure 4.43, 4.44, and 4.45, respectively.
We found that the proper designed quadratic shaped woodpile EBG structures can
provide the moderately highest gain of 26.03 dB at the operating frequency of 10

GHz and the radiation patterns of a circular horn antenna are quite symmetrical.
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Figure 4.39 A circular horn antenna with two side-wing slabs and the designed

woodpile EBG (Type-D circular horn).
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Figure 4.40 Simulated result of reflected power (S;;) of a Type-D circular horn.

t5Gpot bl e V.

vd
~

25

N/

8 9 10 11 12
Frequency (GHz)

Figure 4.41 Simulated VSWR of a Type-D circular horn.
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Figure 4.42 Simulated radiation patterns of a Type-D circular horn.
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Table 4.4 The simulated results of four types of the circular horn antennas.

The circular horn Gain HPBW SLL (dB)
antennas (dB) EL:AZ E-plane/H-plane
Type-ﬁ%o :rilrcular 16.33 1%7:}.1197-)50 -22.5/-22.5
T ype-}ircrilrcular 25.76 6(-;‘:350 18.2/-11.5
TypeC circular 19.67 1%7:11_102-)10 -20.5/-27.4
Type-D circular 26.03 6.3:6.6 18.8/-21.4

horn

(1:1.05)
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Figure 4.45 Simulated radiation patterns of four types of the circular horn antennas.
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4.5 Chapter Summary

In this chapter presented the analysis and design of the rectangular and circular
horn antennas with the same quadratic shaped woodpile EBG. Because the structure
of the designed quadratic shaped woodpile EBG 1s symmetrical, which is proper to
use with the symmetrical radiation patterns in the E-plane and H-plane of antenna.
Therefore, we have designed the conventional rectangular and circular horn antennas
to provide the symmetrical radiation patterns in the E-plane and H-plane by adding
two side-wing slabs on the left and right sides. Then, same structures of the quadratic
shaped woodpile EBG are installed in front of such two horn antennas. We found that
the designed quadratic shaped woodpile EBG is able to gain some parts of the
electromagnetic energy and suppress the surface wave that occurred on the slabs with
the proper distance between horn antennas and woodpile EBG structures equal to
16.5A while the structure radius of quadratic shaped woodpile EBG equal to 5.31. Be
aforementioned, we found that the designed quadratic shaped woodpile EBG can use
associated with both of rectangular and circular horns, only we modified their

radiation patterns to be symmetrical .



CHAPTER V

MEASUREMENT AND DISCUSSION

5.1 Introduction

The previous chapter has focused on the concept of refinement method and
also the idea was confirmed through simulation results from CST software. In order
to understand the general background and the theory behind the rectangular and
circular horn antennas with the designed quadratic shaped woodpile EBG structures,
the antenna measurements for the final verification will be presented in this chapter.
The prototype of horn antennas are designed and fabricated for operating frequency at
10 GHz. To verify the theoretical calculation, the radiation patterns were measured in
the outdoor place by using vector network analyzer HP 8722D and compared with the

simulated results from CST software.

5.2 The Antenna Prototype

5.2.1 The Woodpile EBG
The designed quadratic shaped woodpile EBG structure consists of the
eleven alumina rods, which each rod has a square-shaped cross sectional area of
1.6x1.6 mm” and the lengths as shown in Table 5.1. The prototype of the designed

quadratic shaped woodpile EBG structure is shown in Figure 5.1.
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Table 5.1 The dimension of the designed quadratic shaped woodpile EBG structure.

Description Dimension (1) | Dimension (mm)

The first alumina rod (L) 1.90A 57.08

The second alumina rod (L;) 3.54\ 106.12
The third alumina rod (L3) 4.41\ 132.16
The fourth alumina rod (L) 4.93\ 147.89
The fifth alumina rod (Ls) 5.04A 151.20
The sixth alumina rod (Le) 5.04A 151.20
The seventh alumina rod (L) 5.04\ 151.20
The eighth alumina rod (Ls) 4.93\ 147.89
The ninth alumina rod (Lo) 4.41\ 132.16
The tenth alumina rod (L ;) 3.54\ 106.12
The eleventh alumina rod (Z;;) 1.901 57.08
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(a) Front view

(c) Front view

(d) Side view

Figure 5.1 The designed quadratic shaped woodpile EBG model and structure.
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5.2.2 A Rectangular Horn Antenna with Two Side-Wing Slabs

In this research, we have chosen a pyramidal horn for applying to a

prototype of rectangular horn antenna, because it is flared in both directions and its

radiation characteristics are essentially a combination of the E-plane and H-plane

sectoral horns (Balanis, 2005). As describe in chapter 4, a rectangular horn antenna

with two side-wing slabs was designed and analyzed by using the CST software to

obtain the proper parameters as summarized in Table 5.2. It is fabricated with PEC,

thickness of 3 mm, at the operating frequency of 10 GHz as shown in Figure 5.2.

Table 5.2 Dimension of a rectangular horn antenna with two side-wing slabs.

Description Dimension (1) | Dimension (mm)
The height of an aperture (H,) 2.73\ 81.97
The width of an aperture (W) 3.30M1 99.00
The depth of an aperture (D,) 2.59\ 77.59
The height of a waveguide (H,,) 0.63\ 19.00
The width of a waveguide (W) 1.07A 32.03
The depth of a waveguide (D,,) I.11A 33.38
The height of an each wing slab (H,,s) 2.73\ 81.97
The width of an each wing slab (W,,) 0.63\ 18.75
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(a) Perspective view (b) Side view

(c) Perspective view (d) Side view

Figure 5.2 Configuration and prototype of rectangular horn antenna

with two side-wing slabs.
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5.2.3 A Circular Horn Antenna with Two Side-Wing Slabs

Referring to Figure 5.3, it is apparent that the behavior of a circular
horn antenna. As the fare angle increase, the directivity for a given length circular
horn will be increased until it reaches a maximum beyond which it begins to decrease
(Balanis, 2005). When the horn aperture (d,,) is fixed as constant and its length (L) is
varied, the maximum directivity is obtained when the flare angle is zero (King, 1950).
In this research, we choose a circular horn that has directivity of 19 dB and its
aperture diameter of 4A. From graph in Figure 5.3, the length of a circular horn is
5.5\, approximately. However, when a circular horn antenna with two side-wing slabs
was designed and analyzed by using the CST software to obtain the input parameters,
we found that its aperture diameter and length are minor changed as summarized in
Table 5.3. Then, a circular horn antenna with two side-wing slabs is fabricated with
PEC, thickness of 3 mm, at the operating frequency of 10 GHz as shown in Figure

54.
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Table 5.3 Dimension of a circular horn antenna with two side-wing slabs.

Description Dimension (1) | Dimension (mm)

The diameter of an aperture (d,,) 3.87 116.06
The length of horn (L) 5.45 163.45
The diameter of a converter () 1.061 31.89
The length of a converter (L.) 0.231 6.77

The height of a waveguide (H,,) 0.63\ 19.00
The width of a waveguide (W) 1.07A 32.03
The depth of a waveguide (D,,) I.11A 33.38
The length of an each wing slab (L) 2.95 88.39
The width of an each wing slab (W,) 0.75\ 22.50
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(b) Side view

(c) Perspective view (d) Side view

Figure 5.4 Configuration and prototype of circular horn antenna

with two side-wing slabs.
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5.3 Antenna Measurement and Experimental Results

of a Type-D Rectangular Horn

Antenna measurements are required for the final verification of the antenna
operation. Modern simulation with CST software predicts quite accurately the antenna
characteristics, however, in some case of complicated structures the fabricated
antenna must be also measured the characteristics comparing to the simulated result
from such software. Therefore, a rectangular horn antenna with two side-wing slabs
and the designed woodpile EBG or Type-D rectangular horn was constructed for
measurement.

To fix and strengthen the structures of a rectangular horn and the woodpile
EBG, the PEC arm, which dimension is 20x20x630 mm’, was added in the Type-D
rectangular horn as shown in Figure 5.5. In order that, we have studied the effect of
the height of a PEC arm, it is found that the proper gain of 25.30 dB and SLL in
E-plane/H-plane of -16.3 dB/-16.4 dB are achieved when the height of arm is equal to
110 mm as shown in Table 5.4. From the simulated results by using CST software of
Type-D rectangular horn with PEC arm at the operating frequency of 10 GHz, the S,
is -26.71 dB, which is correspond to VSWR of 1.10 as shown in Figure 5.6 and 5.7,
respectively. The HPBW ratio in the E-plane and H-plane, (EL:AZ), is 7.4:6.6°
(1.12:1) as shown in Figure 5.8. It notices that the PEC arm has an effect for the
HPBWs, which are wider in E-plane and narrower in H-plane, and cause to increase
the SLL when compare to the radiation patterns of Type-D rectangular horn as shown

in Figure 5.9.
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Table 5.4 The simulated results of the various heights of a PEC arm

for Type-D rectangular horn.

The height of a PEC Gain HPBW SLL (dB)
arm (mm) (dB) EL:AZ E-plane/H-plane

0 25.75 ?191%31) -16.1/-19.8

80 24.86 21316125) _14.2/-14.9

90 24.86 219226% ~15.2/-15.5

100 25.04 ?112565) -15.8/-16.2
110 2530 21412616) 116.3/-16.4
120 25.52 ff}_%g -5.2/-15.9
130 25.62 ?1916126) -5.3/-16.0
140 25.60 ?151623) 15.4/-16.2
150 25.50 5(1616186) -5.5/-16.4
200 25.37 6.4°:6.6° -5.8/-16.2

(1:1.03)
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(a) Perspective view

(b) Side view

Figure 5.5 The structure and prototype of a Type-D rectangular horn.
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(d) Side view

Figure 5.5 The structure and prototype of a Type-D rectangular horn (Continued).
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Figure 5.6 Simulated reflected power (S;;) of a Type-D rectangular horn

with PEC arm.
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Figure 5.7 Simulated VSWR of a Type-D rectangular horn with PEC arm.
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Figure 5.8 Simulated radiation patterns of a Type-D rectangular horn with PEC arm.
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Figure 5.9 Comparison of radiation patterns of a Type-D rectangular horn

with and without PEC arm.
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5.3.1 The Reflected Power, Voltage Standing Wave Ratio
and Input Impedance
The reflected power or S;; (at -10 dB), voltage standing wave ratio
(VSWR) and input impedance are the 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 Q2 to 60 Q and VSWR less than 2.0, that can be accepted for impedance

matching between transmission line and the antenna which correspond to S;; less than
-10 dB.

In this research, the operating frequency of this proposed antenna
is 10 GHz. The measured results of S;; of the prototype of a Type-D rectangular
horn is -26.711 dB, which accord to VSWR of 1.0978 as shown in Figure 5.10 and
5.11, respectively. So its impedance matching that is referred to S;; < -10 dB and
VSWR <2 is achieved. The measured input impedance of the prototype of a Type-D
rectangular horn is 46.016 + j1.9609 Q, which is accepted, because it is in the range
of 40 Q to 60 Q as shown in Figure 5.12. Good agreement between simulated and
measured results of S;; and VSWR are obtained as shown in Figure 5.13 and 5.14,

respectively.
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Figure 5.10 Measured reflected power (S;;) of the prototype

of'a Type-D rectangular horn.
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Figure 5.11 Measured VSWR of the prototype of a Type-D rectangular horn.
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Figure 5.12 Measured input impedance of the prototype of Type-D rectangular horn.
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Figure 5.13 Comparison between simulated and measured results of reflected power

(S11) for the prototype of a Type-D rectangular horn.
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Figure 5.14 Comparison between simulated and measured results of VSWR

for the prototype of a Type-D rectangular horn.
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5.3.2 Bandwidth
Bandwidth is another fundamental antenna parameter, which describes
the range of frequencies over, on either side of a center frequency, that the antenna
can properly radiate or receive electromagnetic fields (http://www.antenna-theory.
com/). 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 (5.1) is the fundamental formula to calculate the bandwidth of the antenna

from the reflected power versus the frequency plot.

Bandwidth (%) =| ( /s = fioer )/ 3 |¥100% (5.1)

From the measured results, the bandwidth of the prototype of Type-D
rectangular horn is 1.059 GHz (9.360 GHz to 10.419 GHz) or 10.71% as shown in
Figure 5.15. The percentage bandwidth of the prototype of type-d rectangular horn

can demonstrate calculation as

Bandwidth (%) =[ (10.419-9.360)/9.8895 |x100% = 10.71%. (5.2)
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Figure 5.15 Measured bandwidth of the prototype of Type-D rectangular horn.
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5.3.3 Radiation Pattern

Radiation pattern or antenna pattern is the variation of the power
radiated of an antenna. This power variation as a function of the arrival angle is in
spherical coordinates at a constant radial distance and frequency, which is observed in
the far field region. A far-field (Fraunhofer) region is the region that farthest away
from an antenna where the field distribution is essentially independent of the distance
from an antenna. Besides, in this region is dominated by radiated electromagnetic
fields with orthogonal to each other and the direction of propagation as with the plane
waves. If we determine D is the maximum linear dimension of an antenna, then
the following three conditions must all be satisfied to be in a far field region

(http://www .antenna-theory.com/):

2D?
A

R> , (5.3)
where R>>D and R >> 1. In the far field antenna test, the prototype of Type-D
rectangular horn was measured in outdoor place as shown in Figure 5.16. A
conventional rectangular horn antenna is used to be the transmitting antenna, while
the prototype of Type-D rectangular horn antenna is in receiving mode. It is installed
on a turntable with the distance R > 18.1 m that was calculated from (5.3), far from
the transmitting antenna. During the measurements, the prototype of Type-D
rectangular horn was illuminated with a uniform plane wave and their receiving
characteristics were measured. The measured far field patterns in E-plane and H-plane
of the prototype of Type-D rectangular horn are plotted together with the simulated

results by using CST software as shown in Figure 5.17. The ratio of HPBW in the
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E-plane and H-plane, (EL:AZ), is 7.6 :6.9 (1.10:1) as summarized in Table 5.6.

Network Analyzer HP 8720C

(b) Antenna prototype measurement for the E-plane radiation pattern

Figure 5.16 Measurement set up for the radiation pattern of the prototype

of Type-D rectangular horn.
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Network Analyzer HP 8720C

[

(d) Antenna prototype measurement for the H-plane radiation pattern

Figure 5.16 Measurement set up for the radiation pattern of the prototype

of Type-D rectangular horn (Continued).
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Figure 5.17 The radiation pattern of the prototype of Type-D rectangular horn.
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5.3.4 Gain

The gain is an important parameter, which is the useful measure for
describing the performance of an antenna. It is defined as 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 (Balanis, 2005). There are two
methods to measure the gain of an antenna such as relative gain and absolute gain.
The relative gain is the ratio of the power gain in a given direction to the power gain
of a reference antenna in its reference direction, while the absolute gain is the ratio of
the power gain in a given direction to the power gain of receiving. The absolute gain
method, one of the basic methods to measure the gain of an antenna (Balanis, 1997),
is based on the Friis transmission formula as expressed in (5.4), 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,

4
G a T Gt,dB =F 45— B ;+20 log (%R] ) (5.4)

r t

where P is the received power,

r

P 1s the transmitted power,

G, is the gain of the receiving antenna,

G, 1s the gain of the transmitting antenna.
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In this research, firstly, a conventional rectangular horn antenna is
measured the gain for using to be the transmitting antenna as shown in Figure 5.18.
Therefore, if the receiving and transmitting antennas are identical, only one
measurement is required and (5.4) can calculate the gain of a conventional rectangular

horn antenna such G, ,, =16.68 dB. Secondly, the gain of the prototype of Type-D

rectangular horn is measured as shown in Figure 5.19. A conventional rectangular
horn antenna is set to be the transmitting antenna, while the prototype of Type-D

rectangular horn is set in receiving mode. From (5.4), the gain of the prototype of

Type-D rectangular horn is G, ,, =25.01dB.

r’
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Network Analyzer HP 8720C

(b) Gain measurement of antenna prototype

Figure 5.18 Gain measurement of a conventional rectangular horn antenna.
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|« R j

Network Analyzer HP 8720C

(b) Gain measurement of antenna prototype

Figure 5.19 Gain measurement of the prototype of Type-D rectangular horn.
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5.4 Antenna Measurement and Experimental Results

of a Type-D Circular Horn

In this section, we describe the design and construction of a circular horn
antenna with two side-wing slabs and the woodpile EBG or Type-D circular horn. The
antenna characteristics have been measured for the final verification of the antenna
operation. In the similar way as a Type-D rectangular horn, the PEC arm, which
dimension is 20x20x650 mm’, was added in the Type-D circular horn to fix and
strengthen the structures of a circular horn and the woodpile EBG as shown in
Figure 5.20. Moreover, we look at the effect of the various of the height of a PEC
arm, it found that the proper gain of 25.63 dB and SLLs of E-plane/H-plane around
-15.7 dB/-18.2 dB are occurred at the height of arm at 100 mm as shown in Table 5.5.
The simulated results from CST software show that the S;; of Type-D circular horn
with PEC arm at the operating frequency of 10 GHz is -36.11 dB, which is correspond
to VSWR of 1.03 as shown in Figure 5.21 and 5.22, respectively. The normalized
radiation patterns of a Type-D circular horn with PEC arm at 10 GHz is shown in
Figure 5.23. The HPBW ratio in the E-plane and H-plane, EL:AZ, is 6.6:6.4°
(1.03:1). From Figure 5.24 shows the comparison of radiation patterns of a Type-D
circular horn with and without PEC arm, thus its results is that the HPBWs of a Type-
D circular horn with PEC arm are wider in E-plane and narrower in H-plane which

cause to increase the higher SLL.
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Table 5.5 The simulated results of the various heights of a PEC arm

for Type-D circular horn.

The height of a PEC Gain HPBW SLL (dB)
arm (mm) (dB) EL:AZ E-plane/H-plane

0 26.03 6.3:6.6 -18.8/-21.4
(1:1.05)

80 25.32 7.7:6.3 -17.4/-17.3
(1.22:1)

90 25.52 7.1:6.4 -16.4/-18.0
(1.10:1)

100 25.63 6.6:6.4 -15.7/-18.2
(1.03:1)

110 25.78 6.2:6.4 -12.8/-18.5
(1:1.03)

120 25.86 5.8:6.5 -11.8/-18.8
(1:1.12)

130 25.81 5.4:6.6 -10.8/-18.8
(1:1.22)

140 25.82 5.1:6.6 -10.4/-18.9
(1:1.29)

150 2581 4.8°:6.5° -10.0/-18.9
(1:1.35)

200 25.83 3.8%:6.5° -8.4/-18.8
(1:1.71)




(a) Perspective view

(b) Side view

Figure 5.20 The structure and prototype of a Type-D circular horn.
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(d) Side view

Figure 5.20 The structure and prototype of a Type-D circular horn (Continued).
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Figure 5.21 Simulated reflected power (S;;) of a Type-D circular horn

with PEC arm.
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Figure 5.22 Simulated VSWR of a Type-D circular horn with PEC arm.
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Figure 5.23 Simulated radiation patterns of a Type-D circular horn with PEC arm.
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Figure 5.24 Comparison of radiation patterns of a Type-D circular horn

with and without PEC arm.
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5.4.1 The Reflected Power, Voltage Standing Wave Ratio

and Input Impedance

In this section, we have reported the antenna measurements of the
prototype of a Type-D circular horn. Similarly, we measured the parameters which
evaluate the effectiveness of impedance matching efforts such as the S;;, VSWR and
input impedance. It is found that the measured S;; of the prototype of a Type-D
circular horn at the operating frequency of 10 GHz is -33.068 dB that is achieved for
impedance matching, which is referred to S;; < -10 dB as shown in Figure 5.25. The
VSWR is 1.0454 which agrees with impedance matching at VSWR < 2 as shown in
Figure 5.26. The measured input impedance of the prototype of a Type-D circular
horn is 48.064 + j0.9531 Q, which is accepted because it is in the range of 40 Q to
60 Q as shown in Figure 5.27. From Figure 5.28 and 5.29 show the comparison of
measured and simulated results of S;; and VSWR, respectively. A good qualitative

agreement between measured and simulated results was obtained.
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Figure 5.25 Measured reflected power (S;;) of the prototype

of a Type-D circular horn.
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Figure 5.26 Measured VSWR of the prototype of a Type-D circular horn.
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Figure 5.27 Measured input impedance of the prototype of Type-D circular horn.
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Figure 5.28 Comparison between simulated and measured results of reflected power

(S11) for the prototype of a Type-D circular horn.
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Figure 5.29 Comparison between simulated and measured results of VSWR

for the prototype of a Type-D circular horn.
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5.4.2 Bandwidth
The bandwidth of a circular horn antenna is expressed as a percentage
of the frequency difference (upper minus lower) over the center frequency of the
bandwidth. From the measured results, the bandwidth of the prototype of Type-D
circular horn is 1.212 GHz (9.221 GHz to 10.433 GHz) or 12.33%, as shown in
Figure 5.30. As referred in equation (5.1), the percentage bandwidth of the prototype

of Type-D circular horn can demonstrate calculation as

Bandwidth (%)=[(10.433 —9.221)/9.827]x100% =12.33%. (5.5)
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Figure 5.30 Measured bandwidth of the prototype of Type-D circular horn.
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5.4.3 Radiation Pattern

Radiation pattern of the prototype of Type-D circular horn is measured
in outdoor place and observed in the far field region as shown in Figure 5.31.
A conventional rectangular horn antenna is used to be the transmitting antenna, while
the prototype of Type-D circular horn antenna is in the receiving mode, which is
installed on a turntable with the distance R > 16.9 m that was calculated from (5.3),
far from the transmitting antenna. As shown in Figure 5.32, the measured far
field patterns in E-plane and H-plane of the prototype of Type-D circular horn are
plotted together with the simulated results from CST software. The HPBW ratio in the

E-plane and H-plane, (EL:AZ), is 7.0 :6.7 (1.04:1) as summarized in Table 5.6.
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(a) Model of measurement for the E-plane radiation pattern

(b) Antenna prototype measurement for the E-plane radiation pattern

Figure 5.31 Measurement set up for the radiation pattern of the prototype

of Type-D circular horn.
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(d) Antenna prototype measurement for the H-plane radiation pattern

Figure 5.31 Measurement set up for the radiation pattern of the prototype

of Type-D circular horn (Continued).
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Figure 5.32 The radiation pattern of the prototype of Type-D circular horn.
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5.4.4 Gain

In this section, we have described the gain measurement of the
prototype of Type-D circular horn. It is based on the Friis transmission formula as
expressed in (5.4), which can be applied when two matched polarization antennas
aligned for the maximum directional radiation, and separated by a distance R that
meets the far field criteria, are used for this gain measurement. Firstly, a conventional
rectangular horn antenna is measured the gain for using to be the transmitting antenna
as shown in Figure 5.12. Next, the gain of the prototype of Type-D circular horn is
measured as shown in Figure 5.33. A conventional rectangular horn antenna is set to
be the transmitting antenna, while the prototype of Type-D circular horn is set in the

receiving mode. From (5.4), the gain of the prototype of Type-D circular horn is

G, 5 =2534dB.
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Network Analyzer HP 8720C

(b) Gain measurement of antenna prototype

Figure 5.33 Gain measurement of the prototype of Type-D circular horn.




5.5 Simulated and Measured Results Summary
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The simulated and measured results of the prototype of Type-D rectangular

horn and Type-D circular horn antennas are summarized in Table 5.5.

Table 5.6 Comparison of simulated and measured results for antenna characteristics.

The prototype of The prototype of
Antenna Type-D rectangular horn Type-D circular horn
characteristics
Simulated Measured Simulated Measured
The Si; (dB) -26.71 -26.711 -36.11 -33.068
The bandwidth (%) 13.35 10.71 14.40 12.33
The VSWR 1.10 1.0978 1.03 1.0454
The HPBW 7.4%:6.6° 7.6:6.9° 6.6 :6.4° 7.0:6.7
(EL:AZ) (1.12:1) (1.10:1) (1.03:1) (1.04:1)
The SLL (dB)
(E-plane/H-plane) -16.3/-16.4 -15.6/-15.8 -15.7/-18.2 -15.1/-17.6
The gain (dB) 25.30 25.01 25.63 25.34
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5.6 Chapter Summary

This chapter has presented the design and the construction of the prototype of
Type-D rectangular horn and Type-D circular horn antennas. Both antenna
measurements are described in order to verify the computed results with
measurements to ensure that antenna was correctly modelled in the simulations and
correctly assembled. The designed quadratic shaped woodpile EBG structures and the
horn antennas with two side-wing slabs were installed on alumina rods for
measurement. The measurement field patterns is in the outdoor place. From the
measured results, the prototype of Type-D rectangular horn can provide moderately
higher gain around 8 dB and the prototype of Type-D circular horn grants a higher
gain around 6 dB when compared to the conventional rectangular and circular horn
antennas, respectively. Finally, good agreement between simulated and measured

results is obtained.



CHAPTER VI

CONCLUSIONS

6.1 Thesis Concluding Remarks

The study of increasing gain of the conventional rectangular and circular horn
antennas by using EBG structures has been presented in this thesis. The gain
improvement of the horn antennas by modifying the conventional rectangular and
circular horns with adding two side-wing slabs on the left and right sides to control
the HPBW symmetrically in the E-plane and H-plane and increasing their gain with
new technique that is so-called designed quadratic shaped woodpile EBG structures.
From the results, they evidently provide not only the symmetrical radiation patterns
both in E-plane and H-plane but also the moderately higher gain around 8 dB for a
rectangular horn and 6 dB for a circular horn when compared to the conventional
horns. For the designed woodpile EBG structures, the various shaped woodpile EBG
structures, the distance between a horn antenna and woodpile EBG structures, and the
radius of EBG structure are the parameters for this accomplishment especially the
shape of woodpile EBG structures is the most important technique, which must be
appropriately designed and calculated for both horn antennas. The most proper
distance between a horn antenna and woodpile EBG structures of 16.5A and the radius
of quadratic shape of 5.3\ can provide the moderately highest gain at the operating

frequency of 10 GHz.



146

6.2 Remark for Future Studies

From the foundation of knowledge which has been learned and acquired over
this research, some recommendations for the future woodpile EBG structures should
be presented. This research has used functions of geometries such as planar,
triangular, quadratic, circular, gaussian, cosine, and squared cosine structures to
investigate the proper shape of woodpile EBG structure. It was found that when we
changed woodpile EBG shape, the antenna characteristics are also changed. In the
future study, we can change woodpile EBG structures for variety shapes in order to
provide the better characteristics of both horn antennas. Because the designed
quadratic shaped woodpile EBG is symmetrical shape, therefore, it yields high
performance as the additional resonant circuit, exhibit bandgap characteristics at 10
GHz when the radiation patterns of the horn antennas must be also symmetrical. In
applying the designed quadratic shaped woodpile EBG structures to increase the gain
of horn antennas, it is necessary to control the HPBW symmetrically in the E-plane
and H-plane by adding two side-wing slabs on the left and right sides of the aperture.
Therefore, in the future, if we can investigate the different geometry of woodpile EBG
structure that can be used with the conventional rectangular and circular horn
antennas without adding two side-wing slabs, then the utilization of EBG structure

will be more easy than the structure in this research.
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A.1 Military Radars

The AN/TPQ-36 firefinder weapon locating radar in use by the army
(http://www.radartutorial.eu/) is exemplified for military short range radars
comparing to the specifications of our prototype horn antennas as shown in
Table A.1. We found that, although, our prototype horn antennas provide shorter
maximum range but they have the advantages of low profile, light weight, and quite
small size when compare to the AN/TPQ-36. Figure A.1 shows the AN/TPQ-36

firefinder weapon locating radar in use by the army and its leaflet.

Table A.1 Comparison of radar antennas.

Antenna The prototype of The prototype of
. AN/TPQ-36* Type-D rectangular | Type-D circular
Charecteristics
horn horn
Frequency X-band radar
Peak transmitted
23
power (kW)
Maximum range 24 204 211
(km)

*http://www.radartutorial.eu/
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(a) The AN/TPQ-36 firefinder weapon locating system

Figure A.1 The AN/TPQ-36 firefinder weapon locating radar.
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Efficiency Improvement for Conventional Rectangular

Horn Antenna by Using EBG Technique

S. Kampeephat, P. Krachodnok, R. Wongsan

Abstract—The conventional rectangular horn has been used for
microwave antenna a long time. Its gain can be increased by
enlarging the construction of horn to flare exponentially. This paper
presents a study of the shaped woodpile Electromagnetic Band Gap
(EBG) to improve its gain for conventional horn without construction
enlargement. The gain enhancement synthesis method for shaped
woodpile EBG that has to transfer the electromagnetic fields from
aperture of a horn antenna through woodpile EBG is presented by
using the variety of shaped woodpile EBGs such as planar, triangular,
quadratic, circular, gaussian, cosine, and squared cosine structures.
The proposed technique has the advantages of low profile, low cost
for fabrication and light weight. The antenna characteristics such as
reflection coefficient (S;,), radiation patterns and gain are simulated
by utilized A Computer Simulation Technology (CST) software.
With the proposed concept, an antenna prototype was fabricated and
experimented. The S,; and radiation patterns obtained from
measurements show a good impedance matching and a gain
enhancement of the proposed antenna. The gain at dominant
frequency of 10 GHz is 25.6 dB, application for X- and Ku-Band
Radar, that higher than the gain of the basic rectangular horn antenna
around 8 dB with adding only one appropriated EBG structures.

Keywords—Conventional ~ Rectangular ~ Horn  Antenna,
Electromagnetic Band Gap, Gain Enhancement, X- and Ku-Band
Radar.

I. INTRODUCTION

HORN antenna is widely used as antenna at Ultra-High

Frequency (UHF) and microwave frequency, above 300
MHz [1], [2], a type of aperture antenna, which provides the
moderately high gain as compared to the other antennas.
Consequently, the horn antenna is widely applied for various
tasks. A horn antenna has been used in many applications,
such as satellite communications, radio astronomy, radar or
remote sensing [3], [4]. They are used as feeders for larger
antenna structures, as standard calibration antennas to measure
the gain of other antennas, and as directive antennas [5], [6].
Their widespread applicability stems from their simplicity in
construction, ease of excitation, versatility, large gain, and
preferred overall performance [7]. Applications requiring high
gain antenna such as the parabolic reflector can be applied
with the horn antenna to enhance the higher gain. The
insertion of a thin metallic strip into a horn is briefly discussed
[8]. The metallic strip is reported to improve the plane
directivity of a horn, but it is suggested that mismatch

S. Kampeephat, P. Krachodnok, and R. Wongsan are with the School of
Telecommunication  Engineering, Institute of Engineering, Suranaree
University of Technology, Nakhon Ratchasima, CO 30000 Thailand (phone:
+668 1955 2414; fax: +66 4422 4603 e-mail: D5240388@g.sut.ac.th,
priam@sut.ac.th, and rangsan@sut.ac.th).
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problems make the technique impractical. Moreover,
techniques for improving the performance of a wide-flare
pyramidal horn antenna, metallic baffles are placed inside the
horn near its throat the antenna’s performance is improved
significantly [9]. The metal baffles are simple planar structures
that reduce phase curvature at the aperture like a lens.
However, the disadvantages of metallic are heavy, bulky and
not easy to integrate with monolithic microwave integrated
circuits (MMICs) components. The smooth walled conical
horn (SWCH), by virtue of its desirable qualities such as high
gain, construction simplicity and ease of excitation, is used as
a standard gain antenna, as a feed for reflectors and in
polarization diversity systems [10]. On the other hand, its poor
pattern symmetry and high cross-polar radiation level make it
unsuitable for high performance applications. Much research
has been devoted to high performance conical horns such as
corrugated horn, lens corrected horn and multimode horn [11].
These horns, however, in general impose construction
difficulties, and are often heavy, bulky and costly.

Wongsan et al. presented an additional Electromagnetic
Band Gap (EBG) to improve the gain of a rectangular horn
antenna by using woodpile EBG structures, transfer the power
from its aperture through EBG structures [12]-[15]. By
employing, EBG structures as high-impedance ground planes
[16], as planar reflectors [17], or as substrates [18], they are
able to eliminate the drawbacks of conducting ground-planes,
to prevent the propagation of surface waves, to lower the
device profiles, and to improve the performances of antennas,
enhancing their directivity and the radiation efficiency.
Moreover, they can be formed from dielectric structures that
are periodic in one or more dimensions [19]. Therefore, this
paper presents a study of the technique to enhance the gain of
a conventional rectangular horn antenna by using a variety of
shaped woodpile EBG such as planar, triangular, quadratic,
circular, gaussian, cosine, and squared cosine structures. They
are creating new possibilities for controlling and manipulating
the flow of electromagnetic waves. Also, this paper designs to
simulate and fabricate a horn antenna with EBG structures
based on low loss alumina materials at dominant frequency of
10 GHz, and demonstrate its use in a horn antenna for X- and
Ku-Band Radar.

At first, the general approach will be presented which is
including the configurations of a rectangular horn antenna,
which is improved gain and radiation patterns by adding two
side-wing slabs, and the woodpile EBG structures as shown in
Sections II and III, respectively. Next, the simulated results of
antenna characteristics are calculated by using CST software
and discussed in the Section IV.
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II.HORN ANTENNA CONFIGURATION

A. A Conventional Rectangular Horn Antenna

A horn antenna may be considered as a transformer from
the impedance of a transmission line to the impedance of free
space, 377 Q. A common microwave transmission line is
waveguide, a hollow pipe carrying an electromagnetic wave.
The horn antenna consists of a flaring metal waveguide for
guiding the radio waves into free space. The design of a
conventional rectangular horn antenna (7ype-4 horn) is
initiated by determining its aperture dimension as follow [6],
with the gain of 17.67 dB, as shown in Fig. 1.

/,

(a) Perspective View (b) Side View

Fig. 1 A conventional rectangular horn antenna (7ype-4 horn)

B. A Horn Antenna with Two Side-Wing Slabs

To improve the radiation pattern and gain characteristics, a
conventional rectangular horn antenna will be add two side-
wing slabs on the left and right sides (7ype-B horn) [14] to
control the half-power beamwidth (HPBW) symmetrically in
the E- and H-Plane as shown in Fig. 2. The design dimension
for each side-wing slab is 5A/8, approximately. The simulated
result show that the HPBW, which shown as the ratio of
azimuth pattern to evaluation pattern (AZ:EL), of a Type-B
horn is 20.6°:21.7° (1:1.05) at the gain of 18.08 dB.

(a) Perspective View

(b) Side View

Fig. 2 A conventional rectangular horn antenna with two side-wing
slabs (7ype-B horn)

I1I. EBG CONFIGURATION

A woodpile is a three-dimension EBG structures made of a
stack of square cross-section rod. The unit cell of these
structures is shown in Fig. 3. The dimension of woodpile EBG
structures is specified by the distance in the horizontal plane
(a), the rod width (w), and the rod height (%). To implement
the woodpile, this paper has used alumina rods (¢, = 8.4,
tand = 0.002) that have a rectangular cross section. The lattice

International Scholarly and Scientific Research & Innovation 8(7) 2014

parameters are given as follow [12] with a = 0.225\ and
w=h=0.064A.

w
Fig. 3 The unit cell of woodpile EBG rod

To align shaped woodpile EBG structures, this paper has
used functions of geometries from [20] as shown in Table |

TABLE I
FORMULATIONS OF ELEMENTARY GEOMETRICAL FUNCTION
Distributed Fommilationg Shapes of
functions EBG Structures
Planar -
f(x.y):a[lflx 242
Triangular b
. F(xp)=A I—[lxlxzwz
Quadratic b /
, Fep)=4 |-[£\/-Yz+.\'z
Circular D
{277)
Gaussian [(x.y)=Ae .
Cosine ./’(x..v)=Acos(% 24y
. s 2
Squared Cosine ./ (x.y)=Acos (E\J 2yl
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