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Abstract
In this thesis, two new types of electrically small feed antennas, slotted circular
waveguide feeds, and microstrip dipole feeds are designed and studied for prime focus
reflectors. The existing electrically small feeds used in prime focus reflectors exhibit
some limitations such as asymmetrical radiation patterns, complex integration with
microwave devices, requirement of struts support, and high cost. The design of these two
new kinds of feeds is of particular interest since they provide symmetrical radiation
pattern, and are low profile, easy to fabricate, simpler to mount on the reflector system,
and low cost.
Circular waveguide feeds have been a good choice for prime focus reflector systems.
The main drawback of these feeds is that the E- and H-plane radiation patterns are not
equal in small diameter apertures, and hence the reflector efficiency is low. In this report,
an attempt is made to equalize the radiation patterns of these feeds, by slotting their wall
at the open-end. Even though radiation pattern equalization is possible with these feeds,
the efficiency remains still low. Therefore, chokes are introduced with the slotted
waveguide feeds to improve the radiation characteristics as well as the efficiency. Slotted
circular waveguides with a cavity is also studied, where slots are used as additional
parameters, to equalize their radiation patterns, and hence increase the efficiency.
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In the second part of the thesis, microstrip dipole feeds are studied because of their
light weight, low aperture blockage and ease of assembly on the reflector system. These
feeds are designed for backward radiation and thus eliminate strut support. Parametric
studies are conducted to improve the input impedance, miniaturize the antenna, and
design for dual frequency operation. All these feeds have unequal E- and H-plane
radiation patterns. Therefore, they are candidates for elliptical reflector system.
To improve the pattern equalization of microstrip dipole feeds, the dipole arms are
modified. Two techniques are used for this purpose, bending microstrip dipole arms, or
adding corrugations. In the bent microstrip dipole case, the design is suitable for narrow
band operation. In order to improve the input impedance while equalizing the radiation
patterns, a corrugated microstrip dipole is designed and investigated. Satisfactory
performance is obtained.
All feed examples studied in this thesis are fabricated and experimentally evaluated
for the input impedance match and performance on a reflector. Satisfactory results are
obtained.
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Chapter 1
Introduction

1.1

Overview

Reflector antennas have been used since the discovery of the radio waves by Hertz in
1887 [1]. It evolved during the World War II, when numerous radar applications were
developed. During 1950s, further modifications to these antennas were made possible due
to the development of microwave communication systems and utilization of radio
telescopes in astronomy. Along with these developments, reflectors were simultaneously
employed at earth stations in the USA, Canada, UK, France and other countries [2].
Reflector antennas are also used in remote sensing [3], RADAR [4], or military
applications [5]. All these applications require efficient feeds, if the benefit of the
reflector antennas is to be realised. Therefore, continuous efforts have been made to
develop more sophisticated feed designs.
A reflector antenna consists of a primary feed, to radiate electromagnetic wave and a
curved reflecting surface in order to collimate these waves over a larger secondary
aperture. The feed, being located at the focal point of the reflector, acts as a point source
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and produces spherical waves which are reflected by the parabolic surface into a plane
wave. Therefore, it provides a uniform phase distribution over the reflector aperture.
Reflector antennas can be of different types based on the location of feeds used in the
antenna. The simplest form of a reflector antenna is the prime focus reflector, with a feed
located at its focal point. Another type of reflector antennas is dual reflector system,
where the primary feed is located near the rear of the main reflector, and a small subreflector is used in front of it for illumination. Aperture blockage caused either by the
primary feed in a prime focus reflector or by the sub-reflector in a dual reflector system,
reduces the electrical performance of these types. The other type of reflector antenna is
called the offset reflector, where the geometry of the reflector is asymmetric and its feed
is located outside the main beam. As the geometry is asymmetric, the reflector is less
straightforward than the previous symmetric cases, and various effects due to the
asymmetry must be considered.
The feed is the essential part of any reflector system. In dual reflector system, it is
large in size, having aperture diameters of three to eight wavelengths. However, in prime
focus reflectors, that use a single parabolic reflector, the feed is small [6].
Various electrically small feeds are used in the prime focus reflector system. Their
common criterion is their small aperture diameter which is less than three wavelengths.
The main categories of the feeds are: dipole feeds, waveguide feeds, horns feeds, and
microstrip feeds [6]-[7]. Dipole feeds are the oldest among these, and generally the size is
0.5 λ0, where λ0 is the wavelength in free space. Thus, aperture blocking is usually at a
minimum with this kind of feeds, and the feeds are easy to fabricate. However, their
beamwidths in principal planes are unequal, and may be used with reflectors having
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elliptical aperture. Waveguide feeds can be used satisfactorily as an antenna feed, since
they provide good reflector illumination and are also easy to fabricate. However, for
small diameter waveguides, radiation patterns at different planes are not equal, that cause
low illumination efficiency. They also require struts support to mount on the reflector.
The horn feeds are another category of small feeds. The horn is used to control the
radiating aperture size. It is difficult to excite a large diameter waveguide so that only a
single mode is generated. In horn, the throat serves as a filter device, allowing only a
single mode to be propagated freely to the aperture. The important design considerations
of the horn feeds are the impedance characteristics and the efficient illumination of the
reflector. They also require struts support and are costly to fabricate. Another category of
the feeds is the microstrip feed, which has a simple structure, can be low cost and easy to
integrate with other circuitry. The major advantage of microstrip feeds is that they have
smaller axial length because of their planar configuration, as compared to waveguide or
horn feeds. However, they have disadvantages of unequal beamwidths, high crosspolarization and low efficiency.
Therefore, all above feeds have their merits and demerits. The factors that might be
relevant to the choice of feeds are mainly pattern symmetry, peak cross-polarization
level, efficiency, bandwidth and input impedance. There are other aspects, which may
also be significant such as the size, volume, and weight.

Other than the electrical

properties, the mechanical issues are also important for the feed design, such as, the
mounting on the reflector and associated implementation cost. Therefore, in practice one
or more of these factors will influence the selection of a feed for a particular application.
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In this thesis, we will explore two different kinds of feeds, slotted circular waveguide
feeds and microstrip dipole feeds. Their electrical and mechanical properties will be
investigated and improved.

1.2

Objective of the Thesis

The motivation of this research evolved from the desire to design electrically small
feed antennas with improved performance characteristics for prime focus reflectors. The
primary advantages of these reflectors are their low cost and high performance with a
well design feed. Therefore, it is necessary to design a feed with good radiation
characteristics, that can be fabricated easily and at low cost.
Two different types of feed categories are selected for this purpose. One is slotted
circular waveguide feeds, where slots are added as an additional parameter with the
circular waveguide feeds. Therefore, investigations are carried out on slotted circular
waveguide feeds in order to contribute further to the knowledge and understanding of
these antennas. The goals related to this area of research are summarized as follows:


Design and investigate small circular waveguide (0.35 λ0) feeds with open
ended slots, in both E- and H-planes.



Identify the slot parameters on waveguide feed performance.



Design and investigate slotted circular waveguide feeds with choke(s).



Design and investigate slotted circular waveguide feeds with a cavity.



Design and investigate cavity feeds with a quarter wavelength choke in
presence of the slots.
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Determine the gain factor, the phase center location of all feeds, and study
their stability over the frequency band.



Fabricate and measure all feeds performance in the laboratory and compare
with simulation results.

The second category of the feeds is the microstrip dipole feeds, which are a new
backward radiating feeds. The primary advantages are low profile, simple structure, low
cost, easy of fabrication and mount with RF circuits. The goals related to this area of
research are summarized as follows:


Design and investigate microstrip dipole feeds for backward radiation.



Characterize and improve the input parameters of the feed.



Determine the gain factor and phase center of the feed, and study their
stability over its frequency band.



Investigate techniques for improving radiation pattern symmetry of the feed.



Investigate the effects of various parameters of the feeds on its performance.



Investigate the miniaturization techniques.



Design and investigate the dual frequency operation of the feed.



Fabricate all these feeds in the laboratory and compare their measured
performance with simulation results.

Microstrip dipole feed has unequal radiation patterns, which is useful as a feed for
reflector with elliptical aperture. However, modified microstrip dipole feeds are designed
and investigated for the radiation pattern equalization, which is useful as a feed for
reflector with circular aperture. The goals related to this area of research are summarized
as follows:
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Investigate techniques for equalizing the E- and H-plane radiation patterns.



Design a bent microstrip dipole feed for pattern equalization.



Improving the feed performance with additional dipole-reflectors.



Investigate and design a corrugated microstrip dipole feed for pattern
equalization.



Determine the gain factor and phase center of all these feeds, and study their
stability over the frequency band.



Fabricate all these feeds in the laboratory and compare their measured
performance with simulation results.

1.3

Organization of the Thesis

The first two chapters introduce the topic; motivation of the work; review previous
works and provide necessary background information. Chapter 1 is the introduction to the
reflector feeds and objective of the research. A review of criteria for feed design, phase
center concept and literature review are included in Chapter 2, which provides useful
information for feed design and analysis.
Slotted circular waveguide feeds are discussed in Chapter 3. Circular waveguides
with slots equalize the E- and H-plane radiation patterns of small diameter feeds.
However, they have limitations in improving the gain factor of the feeds. Therefore,
slotted circular waveguide feeds with a single choke are introduced, which improve the
gain factor. They also retain the pattern equalization of the E- and H-plane. For further
improvement of the gain factor, slotted circular waveguide feeds with multiple chokes are
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discussed in this chapter. Slotted circular waveguide feeds with a cavity are also
investigated. They have a sector shape radiation patterns with broad beamwidths, which
is useful for deep reflectors.
Microstrip dipole feeds are studied in chapter 4, which is another type of feed for
prime focus reflectors. They are designed for backward radiation that eliminates the need
for strut support. The impedance bandwidth is improved by modifying the feed
transmission line. The feed shows slight pattern asymmetry, which is improved by
changing the dipole arm lengths. The effect of substrate is also discussed. The size
reduction of the feed is possible by slotting the dipole arms, which is investigated in this
chapter. In some applications, dual band operation is needed and therefore, dual band
microstrip dipole feeds are also designed and studied.
In chapter 5, microstrip dipole feeds with modified dipole arms are introduced, to
equalize the radiation pattern beamwidths. Two techniques are used for this purpose.
First, the bent dipole arms with a single dipole-reflector are used to achieve the radiation
patterns symmetry. However, the back lobe level is high for this case. Therefore, dual
dipole-reflectors are used to improve the back lobe level. Second, the corrugated
microstrip dipole feed is used for pattern equalization, which also improves the input
impedance of the feed.
The summary and contribution of the research are discussed in chapter 6, where the
directions for future research are also provided.

Chapter 2
Background Study

2.1

Introduction

The most important factor that determines the overall performance of a prime focus
reflector antenna system is the feed, which is located at the focal point of the reflector. It
usually comes in many different shapes and sizes, ranging from simple dipoles and
waveguides to horns, microstrip antennas or traveling wave antennas. The choice of feed
antenna is often a complex decision and is based on reflector parameters. One of the
requirements of the feed is that it must be small compared to the wavelength and should
give a spherical phase front, which is from a distance it must appear as though the energy
is radiated from a point source. To illuminate adequately the entire reflector area, the
radiation from the feed must be directed towards the reflector. Also, the field should be of
such a nature that after reflection the waves must be properly polarized. Therefore, it is
necessary to know all features of a feed before its design. In the following sub-section we
discuss the important features of electrically small feeds.
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The performance of a prime focus reflector is mainly controlled by its feed.
Achieving a maximum efficiency from the reflector antenna requires a close control of
the amplitude, phase and polarization of the feed. They are discussed below.

2.2.1.1

Radiation Pattern

It is well known that a transmitting or receiving antenna will not detect energy
uniformly in all directions. This directional selectivity of an antenna is characterized in
terms of its radiation pattern, which is a plot of the relative strength of radiated field as a
function of the angular parameters, in the form of the elevation angle θ, and azimuth
angle ϕ, for a constant radius r. To completely define the antenna’s radiation
characteristics, it would be necessary to measure or calculate the amplitude, phase and
polarization of the radiated fields over the surface of a sphere, at every frequency of
operation. However, in practical applications for a y-polarized antenna, the principal Eplane (ϕ = 900), H-plane (ϕ = 00) and the cross-polarization (ϕ = 450) patterns are used
to measure the radiation characteristics. Fig 2.1 shows the radiation pattern of a feed
antenna where the principal E- and H-plane patterns are symmetric up to 900 with a
cross-polarization level of -35 dB at 450 plane.
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Fig. 2.1 Radiation pattern of a feed antenna.

2.2.1.2

Polarization

The polarization of an antenna in a given direction is defined as the polarization of
the wave radiated by the antenna. The polarization of a radiated wave describes the shape
and orientation of the electric field vectors as a function of time. There are three different
polarizations for a plane wave signal and these are the linear polarization, the circular
polarization and the elliptical polarization. Most communication systems use either liner
(vertical or horizontal) or circular (RHC-right hand circular or LHC-left hand circular)
polarization. However, linear polarization antenna is easy to fabricate and inexpensive. In
this study liner polarization is used. The linear polarized field is divided into two parts:
co-polarization component, which is wanted and cross-polarization component, which is
unwanted in the antenna applications.
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In order to achieve polarization purity of the reflector antenna, it is necessary to keep
the cross-polarization level low. This requirement needs significant efforts to develop
feed antennas that will give low cross-polarization. There are three different definitions
for cross polarization in literature, but Ludwig’s third definition is the most useful one.
According to his third definition [8], for a y-polarized field,
E θ, ϕ

 cosϕ,
E. θsinϕ  ϕ

E. y

E θ, ϕ

E. x

θ

0

 sinϕ
E. θcosϕ  ϕ

(2.1)
(2.2)

Similarly, for a x-polarized field,
E θ, ϕ

 sinϕ , θ
E. θcosϕ  ϕ

E. x

E θ, ϕ

E. y

0

 cosϕ
E. θsinϕ  ϕ

(2.3)
(2.4)

where,
E


E θ  E ϕ

(2.5)

Therefore, for a y-polarized field, the co- and cross-polarization components of the Efield can be written as,
E θ, ϕ
E θ, ϕ

E sinϕ  E cosϕ
E cosϕ  E sinϕ

The property of a circular symmetric antenna is that both E θ, ϕ

(2.6)
(2.7)
and

E θ, ϕ functions are the multiplication of two independent functions of θ and ϕ, in the
forms of Eθ = f(θ) sinϕ and Eϕ = g(θ)cosϕ.
therefore,
E

fθ sinϕcosϕ  gθ sinϕcosϕ

(2.8)
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at ϕ = 450, Therefore, the above equation is,
1
'fθ  gθ (
2

E

(2.10)

The result shows that for zero cross-polarization both magnitude and phase of E and
H-plane radiation patterns must be equal.

2.2.1.3

Input impedance

Impedance characteristics are very important for any type of antenna. It is a simple
concept, which relates the voltage and current at the input of the antenna. The real part of
an antenna’s impedance represents power that is either radiated away or absorbed within
the antenna. The imaginary part of the impedance represents power that is stored in the
near field of the antenna (non-radiated power). An antenna with real input impedance
(zero imaginary part) is said to be resonant.
Input impedance can also be characterized by the reflection coefficient, Γ or S11
parameter of the scattering matrix of the antenna. Reflection coefficient is defined as the
amplitude of the reflected voltage wave, normalized to the amplitude of the incident
voltage wave, and can be written as,
Γ

Z-  Z
Z-  Z

(2.11)

Here, ZL is the load impedance and Z0 is the characteristic impedance of the
transmission line. When the load is mismatched, not all of the available power from the
source is delivered to the load. This ‘loss’ is called the return loss Rl, and is defined (in
dB) as, R /

20log |Γ| dB. As an example, for a perfect matched load, Г = 0, the
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return loss is ∞ dB or S11 = - ∞ dB (no reflected power), whereas, for a complete
mismatch, |Γ| = 1 and return loss is 0 dB or S11 = 0 dB.
The input impedance influences the feed design, and so should be computed as part of
the complete design process. It is generally a function of frequency. Thus the antenna will
be matched to the interconnecting transmission line and other associated equipment, only
within a bandwidth. The input impedance of an antenna depends on many factors
including its geometry, method of excitation and its proximity to surrounding objects.

2.2.2

Performance Criteria of Small Feeds

The design of feed antennas depends on the radiation and impedance characteristics.
However, the feed performance with a reflector is the most important factor. There are
two important performance criteria that are used to evaluate the feed with a reflector.
First is the performance of feeds and the second is their stability within the frequency
band. In the following subsection, we will discuss these criteria.

2.2.2.1

Performance of Feed
Feeds
eeds

The antenna efficiency depends on the gain of the reflector, which is defined as [9][10]:
2

445
6

7

η

49
6

7

7

η

where,
A is the area of the antenna aperture,
d is the diameter of the prime focus reflector,
λ0 is the wavelength in free space,
η is the efficiency.

(2.12)
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For prime focus reflectors, the gain is related to the efficiency or gain factor of the
antenna. It is a useful measure of how well the feed antenna makes use of the reflector
aperture. The gain factor of a prime focus reflector antenna can be defined as [6]:

:;

7
@
9@
K
@
2
<=> 7 ? A O
2 C D|E@ |7  |F@ |7 GLMN@9@

I

BC JDE@  F@ Gtan 

(2.13)

where, E@ and F@ are the principal E- and H-plane patterns of the feed, and @ is
the reflector aperture angle.
The gain factor of a reflector is made up of four separate efficiencies. These are the
spillover efficiency :P , the illumination efficiency :Q , the cross-polarization efficiency :R
and the phase efficiency :S and can be written as:
:;

:P T :Q T :R T :S

(2.14)

The spillover efficiency is a measure of how much energy spills past the edge of the
reflector. Radiation from a feed that is not intercepted by the reflector is a reason for
some power loss, and hence reductions in the antenna gain. This loss is called the
spillover loss, which doesn't contribute to the main beam. Thus the spillover efficiency s
is the ratio of the power intercepted by the reflector to the total power radiated by the
feed and is given by [11]-[12]:
:P

I

J
C D|E@ |7  |F@ |7 GLMN@9@

(2.15)

O

C D|E@ |7  |F@ |7 GLMN@9@

All areas of a reflector should be illuminated with equal energy from the feed.
However, the edges of the reflector are further away from the focus than its center, and
for this reason more energy is required at the edges than at the center. Therefore, the
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radiation patterns of the feed usually taper off toward the outer edge of the reflector and
illuminate with a lower intensity, and this loss is called illumination loss. Thus,
illumination efficiency i is the ratio of the actual feed power pattern that illuminates a
reflector over the desired feed power pattern. It can be expressed in the form [11]-[12]:

:Q
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@
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C D|E@ |  |F@ |G LMN@9@
I

BC JD|E@ |  |F@ |Gtan 

(2.16)

The phase efficiency is a measure of the phase error across the reflector caused by the
non-uniform phase of the feed radiation patterns. Therefore, this efficiency is due to the
phase errors in the co-polar field and it is defined as [11]-[12]:
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The cross-polarization efficiency is a measure of the proportion of the total energy
that is contained in the cross-polar pattern. It measures the amount of power lost in the
cross-polar radiation pattern. Therefore, it is defined as the power of the co-polar field
relative to the total power and expressed as [11]-[12]:
:R

I

J
1 C D|E@ |  |F@ |G7 LMN@9@
2 CIJD|E@ |7  |F@ |7 GLMN@9@
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The phase efficiency and the cross-polarization efficiency are very small for well
designed feeds and reflectors. If the feed is located with its phase center at the focal point
of the reflector, the phase efficiency is normally high, typically better than -0.1 dB [13].
Other than these efficiencies, there are other factors that reduce the overall efficiency
of the prime focus reflector. These are [14] :
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Aperture blockage - In prime focus reflector, the feed is located in front of its
aperture. Therefore, the feed structure and its support struts block some of the
beam. In small diameter reflectors, where the size of the feed is comparable
with the size of the reflector, this can reduce the efficiency significantly.

ii)

Shape errors - random surface errors in the shape of the reflector reduce the
efficiency.

2.2.2.2

Frequency Stability

Generally, a feed antenna may be designed at one specific frequency. However, its
performance will change within a frequency band. Thus the frequency characteristics of a
feed refers to the manner in which its performance varies over a given frequency band.
The performance can be accessed by the shape of radiation patterns, the beamwidths, the
peak cross-polarization level, the back lobe level and the input impedance of the feed
antenna, all of which need to be investigated within the frequency band of the feed.

2.2.3

Phase Center of Small Feeds

Phase centre is defined as a point in z-axis from which, when emitted, far-field phasefronts or, correspondingly, group-delay fronts are spherical. That is, the phase value is
constant in a certain angular area of interest when measured with respect to the
coordinate system whose origin is in the phase center.
The phase center is also significant as it is the point from which the antenna radiation
appears to originate. The knowledge of the phase center location is important in feed
antenna applications, because for parabolic reflectors, the feed must be located at its
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focus, which means the feed phase center must coincide with the reflector focal point. In
most feeds, there is a phase center region rather than a single phase center point, because
the radiation consists of a summation of spherical waves which emanate from the
aperture. However, the phase center location should remain reasonably constant in order
to minimize the phase variation over the radiation sphere of the feed.
In 1956, David Carter studied the phase center of microwave antennas and developed
formulas for reflector antennas [15]. Rusch and Potter have defined the phase center as
the origin of a sphere with a best nearly constant phase variation in a least square sense
[16]. Manila (1982) studied the role of the antenna phase center in geodetic
measurements based on satellite systems [17]. A practical method of determining the
phase centers of the feed antennas has been presented in [18], where the phase center has
been obtained as the location along the focal axis of the reflector system that maximizes
the feed efficiency. This paper locates the phase center, within a small distance of a trial
point, which causes small aperture phase error. However, it is generally difficult to locate
the phase center of a wide angle feed, which is generalized by Rao and Shafai [19].

2.2.3.1

Phase Center Determination

The phase center of a feed antenna is defined as the origin of a sphere, over which the
phase of the radiated field is nearly constant in the principle ϕ =0°, and 90° planes. Fig.
2.2 shows the geometry for calculating the phase center, where O (0, 0, 0) is the origin of
the coordinates, and O′ (0, 0, d) is the phase center location of the antenna. Here, R is the
distance from the origin to the far field point, r is the distance from the phase center
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location to the same observation point and d is the distance from origin to the phase
center location. Both R and r are much larger than d and can be considered parallel.
The radiated far field of the feed can be expressed as [20]-[21],
Y Z[\] [^I,_
|E@, X |
Y
W

VW, @, X

(2.19)

where E@, X is the amplitude pattern, `@, X is the phase angle of the radiated
field. The phase of a radiated field is determined by -jkR plus phase of the far field
function and must be independent of the origin of the @, X .
Using the Fraunhofer approximations, we can make the following approximations in denominator W a b
in exponential W a b  b . b̂
Therefore, the radiated far field of (2.19) at the new phase reference point O′
becomes,
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It is assumed that because of the symmetry, the phase center will move on the Z-axis.
Therefore, b . b̂

f9<=L@.
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Therefore if the phase variation at O′ is Ψd, then the general expression is,
`g θ, ϕ

`@, X  f9<=L@

(2.24)

Now the location of the phase center d, is the distance where phase variation
`g θ, ϕ of the co-polar pattern in the principal planes is minimum. This can be done by
calculating phase variation with changing d, by trial and error using the above equation.

Fig. 2.2 Geometry and co-ordinate system to find the phase center location; assuming phase center
movement is in the z direction.

The phase center location for the E-plane dE and H-plane dH are different, as the
phase variation of the two principal planes are different. Therefore, a global phase center
dc is taken, where phase variations of the two planes seem to be minimized and that is the
global phase center of the feed. Another procedure to find the global phase center is to
calculate dE and dH separately and then taking the average 9ij;

gk dgl
7

.
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Literature Review

Different types of electrically small feed antennas are used in prime focus reflectors
[6]-[7]. Among these feeds, circular waveguide feeds, dipole feeds and microstrip feeds
are discussed below, as they are the candidates for the research in this thesis.

2.3.1

Circular Waveguide Feeds

Historically circular waveguide is used as a feed for the prime focus reflector
antennas [12]. It has very simple configuration though its performance as a feed is low.
One of the important parameters of a circular waveguide feed is its radius, as the
beamwidth, cross-polarization level and back lobe level depend on it. For waveguides
with a small radius, the E-plane pattern provides a wider beamwidth than the H-plane,
which becomes reversed for large radii, where the H-plane provides a wider beamwidth
than the E-plane [22]. The wall thickness of the waveguide is another important
parameter, since the currents of the end surface of the wall and diffraction effects alter the
radiation patterns. James et al. [23] studied extensively the effects of the wall thickness,
which was also verified by Shafai et al. [22]. According to James et al. [24], for circular
waveguides with small radius, the cross-polarization of the antenna is small for small
wall thicknesses, compare to large wall thicknesses.
To indicate the characteristics of the circular waveguide as a feed for parabolic
reflector antennas, its performance with the reflector antenna was considered. Shafai et
al. [22] calculated the spillover efficiency, the illumination efficiency and the gain factor
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for different f/D ratios for a circular waveguide with different radii, and their result
showed that the gain factor and spillover efficiency improve with increasing radius.
The phase center location of the feed is also important, since the phase center of the
feed and the focal point of the reflector must be coincident with each other. It is evident
that, for near cut-off waveguides, the location of the phase center depends strongly on the
aperture angle (subtended half angle). As the waveguide diameter increases, the phase
center, for an angular range of less than 500, moves to the waveguide aperture. Beyond
500, the phase center is initially in front of the waveguide open end, but moves inside the
waveguide for radius 0.45 λ0 [22]. To understand the behaviour of the cross-polarization,
phase center locations of the principal E- and H-plane patterns are important. It is shown
in [22] that the peak cross-polarization depends on the radiation pattern difference of the
two principal planes. For symmetric amplitude patterns it depends on the phase
difference which in turn depends on the axial distance between the phase center locations
of the two principal planes.
Introducing a quarter wavelength choke on the waveguide wall nearly equalize the
beamwidths of the principle planes. The effect of a quarter wavelength choke on the
cross-polarization and back lobe level was studied by Shafai et al. [22]. The improvement
of back lobe level is about 10 dB, which can be generalized for most feeds using a single
choke to reduce the back radiation. Increasing the number of chokes or corrugations,
further improves the back lobe level and cross-polarization. Shafai et al. [22] showed that
in a flange with three rectangular corrugations, the separation of the corrugated surface
from waveguide open end varies the phase center location and at some specific value the
E- and H-plane patterns coincide and thus minimize the feed cross-polarization.
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Feeds with rectangular corrugations are normally used as a feed for reflector
antennas. However, the rectangular corrugations are difficult to fabricate. Mentzer et al.
[25] have shown that V-shape corrugations can also be designed to perform similar to
rectangular corrugation. The intermediate geometry between the V-shape and the
rectangular corrugations is the trapezoidal corrugation, which has the trapezoid angle as
an additional parameter. Furthermore, the trapezoidal corrugations are more suitable for
mass production technique such as casting or stamping. In [26], Kishk et al. showed that
the flange has three profiled corrugations of trapezoidal shape also behave the same as
rectangular case. The most interesting result is that the shape of a corrugation has a
definite effect on the location of the phase center. However the peak gain factor is
relatively independent of the corrugation shape and number. The gain factor and the
spillover efficiency are also computed for these types of feeds. The results show that
introducing chokes improves both the gain factor and the spillover efficiencies [22].
In [22] Shafai et al. have studied the effect of the distance L between the corrugation
surface and the waveguide open end. Their result showed that increasing L tends to
broaden the feed patterns, and the aperture angle for peak gain factor increases with L.
Thus the parameter L can be used effectively to design feeds for different aperture angles
and to control the feed cross-polarization without significantly affecting the reflector
gain.
The focal region field of prime focus reflectors can also be realized by coaxial ring
aperture fields which lead to the development of a coaxial feed by koch [27]. It consists
of a coaxial waveguide surrounded by multiple coaxial rings which made the feed a
flexible one, but its geometry was complicated to fabricate. The rings, however, can also
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be excited by the aperture through open end of the waveguide. In this design the
excitation coefficient is not high but it results in a simpler configuration. Also, the size
and location of the rings with respect to the waveguide aperture can be used as
parameters to control the feed radiation patterns. A feed using this approach was
originally designed by Wohlleben et al. [28], where by recessing the corrugated flange
behind the waveguide aperture, wide angle radiation patterns were obtained. Broadening
of the radiation patterns by E-plane slots waveguide wall was later studied by Shafai [29].
In some applications, it is desirable to use reflectors with small f/D values which
mean feed must therefore have wide-angle patterns with high aperture efficiency.
Conventional feeds radiation patterns are tapered monotonically from 0 dB on the
broadside to a value which lies between -8 and -10 dB at an angle corresponding to the
reflector rim [11]. To increase the aperture efficiency, it is required to produce a uniform
illumination over the parabolic aperture. Such feeds are often difficult to design and
fabricate especially with low cross-polarization and high gain factors. A circular
waveguide feed using multiple co-axial radiating waveguide rings was reported by Koch
[27] by the possibility of generating sector shaped patterns. The feed showed a wide
beamwidth with good radiation patterns. However the feed geometry was complex to be
used as a simple primary feed. Scheffer [30] and Koch [27] et al. developed three simple
configurations of the co-axial cavity feed and one of these feeds analysed using the
geometrical theory of diffraction [31], where only the co-polar patterns were reported. In
[32], Kishk used a numerical method to improve the radiation characteristics of this feed
by optimizing its dimensions to achieve symmetrical radiation patterns with low crosspolarization. Neither of the above feeds incorporates chokes and their back radiations are
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high. After adding a single choke it showed improvement in the back lobe level [22]. The
gain factor and spillover efficiency were also improved in this case.

2.3.2

Dipole Feeds

The dipole antenna is widely used as a first category of reflector feeds, because of the
simplicity of construction [33], though, it has omni-directional radiation patterns in Hplane. To illuminate the reflector efficiently, a small circular disc was used as a subreflector to direct the dipole radiation toward the reflector [34]. While these designs are
simple and used extensively as low-cost and low-frequency feeds, the asymmetric dipole
radiation in its E- and H-planes does not illuminate the reflector effectively. It is well
known that the asymmetric beam pattern of the dipole feeds results in low aperture
efficiency and an increase in spillover loss, when used as a feed for prime focus reflector.
Therefore, a symmetric beam pattern is often required in order to be a feed for prime
focus reflector. Moreover, the asymmetric radiation causes an excessive crosspolarization. Since the dipole radiation patterns are asymmetric, the resulting pattern also
becomes asymmetric. To generate symmetric patterns one must use an antenna, which
also have symmetric radiation patterns. This can be achieved by cone-dipole feed [34],
where the dipole is in its standard form, but the disc is bent. As a second solution to
dipole-pattern asymmetry, a short cylindrical section may be placed over the disc to form
a cavity [34]. Here, the cavity-dominant mode controls the pattern shape and
consequently, its behaviour is easier to understand.
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The beam pattern of a dipole-disk antenna can be shaped by a corner reflector instead
of a flat one [35]. Because of its asymmetric structure, it is hard to use. Corrugated horns
[36]-[37] have equal beamwidths in E- and H-plane, and can be used as a feed for prime
focus reflector. However, their geometry is complicated and hard to fabricate, and
become large and heavy at low frequencies. In order to mitigate these limitations by
achieving the pattern symmetry of a dipole-disk antenna, a beamforming ring (BFR) was
added [38], to compress the H-plane pattern, without modifying the E-plane pattern. The
BFR dipole-disk antenna was investigated and analyzed in references [39]-[40]. However
the shortcoming of a BFR dipole-disk antenna is that the ring greatly increases its profile.

2.3.3

Microstrip and Backward Feeds

Microstrip antennas are becoming increasingly popular because of light weight, low
profile, low cost and ease of fabrication. Progress in their design and analysis has also
removed most of their earlier limitations in bandwidth and radiation characteristics.
Consequently, they are also becoming acceptable candidates as reflector antennas feed.
The merits of microstrip feeds depend on the type of applications. In symmetric prime
focus reflector systems, the feed normally blocks the central region of the aperture and
causes reductions in the aperture efficiency and gain factor. A larger feed blocks a larger
portion of the reflector central region and also requires a heavier support structure. A
microstrip feed is normally smaller and reduces the central blockage and its subsequent
degrading effects. The early use of microstrip antennas as reflector feeds was reported in
[41]. Feed optimization and the achievable reflector characteristics in gain factor and
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cross-polarization however were not provided there. The use of single microstrip
antennas and arrays of microstrip antennas as reflector feeds was investigated by Hall and
Prior [42,43] and a numerically optimized feed was investigated by Kishk and Shafai
[44]. A circular microstrip antenna is a good candidate as a feed for a symmetric reflector
[45]. Its pattern shape can be controlled readily by the size and thickness of the ground
plane. Symmetrical patterns are achievable with small ground planes, which reduce the
blockage. However, the back radiation is high and its bandwidth is normally narrow.
A disadvantage with such microstrip feed antenna is that the support struts of the feed
block the reflector aperture and thereby causes low efficiency and high sidelobes. These
blockage losses can be eliminated if the feed is self supporting, being for instance a
backward radiating antenna located along the symmetry axis of the reflector. This feed
also makes it possible to locate the transmitter/receiver on the rear side of the reflector
without the use of thin and lossy cables. The backward radiating waveguide feeds have
been known since the early days of radio communication. In 1947 Cutler [46] introduced
“ring focus” and “cup” feed and some years latter an improved backward-radiating feed,
with equal E- and H-plane patterns was presented by Clavin [47]. A new ring focus feed
was patented by Cutler [48] in 1964 that uses a corrugated surface, but was not analyzed
in detail. Newham [49] has presented an improved dual polarized “splashplate” antenna
and Poulton [50] has introduced an improved waveguide “cup” antenna. The shortcoming
of both these designs is that the waveguide itself gives an undesirable contribution to the
primary radiation, because it blocks the splash plate radiation. The disadvantage of these
backward radiating feed antennas is that they are geometrically complicated and their
implementation cost is high.

2.4

Summary
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Summary

In this chapter the criteria for reflector feeds were discussed. Normally, for a prime
focus reflector the feed criteria were - symmetrical radiation patterns, low cross
polarization and low back lobe level. The beamwidth of the feed should match the
reflector aperture angle, and depending on the application as a feed it could be narrow or
wide. The stability of the feed parameters with frequency was very important. In most
applications this should be maintained within a performance of 10% frequency
bandwidth or more. The gain factor and various antenna efficiencies of the reflector
system were reviewed and the concept of phase center and its determination process were
discussed. A literature review of the previous work, related to the feed design, was also
provided in this chapter.

Chapter 3
Slotted Circular Waveguide Feeds

3.1

Introduction

Circular waveguide feeds have been used as a primary feed for parabolic-reflector
antennas for many years because of their low cost and simple construction. The radiation
patterns of the feed depend on the cross-section of the waveguide. In a feed with small
radius (< 0.48 λ0) the E-plane pattern is broader than the H-plane pattern, but for large
radius (> 0.48 λ0) it is narrower than the H-plane pattern. The crossover occurs at radius
equal to 0.48 λ0 [22]. In prime focus reflectors, it is desirable to use smaller radius feeds,
as the feeds normally block the central region of the aperture, causing reductions in the
aperture efficiency and gain factor and raising the side lobe levels. However, in smaller
radius feeds (less than 0.48 λ0) the E- and H-plane plane patterns are not symmetric,
which causes less illumination efficiency and ultimately reduces the efficiency of the
antenna.
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Fig. 3.1 Circular waveguide feed operating at 10 GHz; l = 60 mm, a = 10.5 mm, t = 1 mm, excitation
TE11 mode in y-direction.

Fig. 3.1 illustrates the geometry of a circular waveguide feed that is operating at 10
GHz. The dimensions of the waveguide are: length l = 60 mm (2 λ0), radius a = 10.5 mm
(0.35 λ0) and wall thickness t = 1 mm (0.033 λ0). The length of the waveguide is selected
as 60 mm and it has no effect on radiation patterns, with TE11 excitation. The thickness of
the wall has effect on radiation patterns, but it is selected here as 1 mm from the
fabrication point of view. The radius of the waveguide is 10.5 mm, which is 0.35 λ0 at 10
GHz and only the dominant TE11 mode is propagating in the waveguide. Fig. 3.2 (a)
shows the amplitude patterns of this waveguide feed at 10 GHz, where it is evident that
the 10-dB beamwidths for the E- and H-plane patterns are 1560 and 1420 respectively,
with the E-plane providing a wider beamwidth than the H-plane. The peak of crosspolarization level at 450 plane is -26.7 dB for the aperture angle, θ = 720. The back lobe
level is -12 dB. Fig. 3.2 (b) exhibits the phase patterns of the feed, when the co-ordinate
origin is at the waveguide aperture. The E- and H-plane phase angles vary with the
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reflector aperture angle. However, the phase difference between the E- and H-planes is
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Fig. 3.2 Radiation patterns of the circular waveguide feed, l = 60 mm, a = 10.5 mm and t = 1 mm. (a)
amplitude pattern at 10 GHz, (b) phase pattern, with respect to the co-ordinate origin at waveguide
face.

Therefore, it is evident that the small radius (0.35 λ0) circular waveguide feed can be
a candidate for a prime focus reflector for its small feed blockage, which ultimately
improves the gain factor of the antenna. However, the E- and H-plane radiation patterns
of the feed are not symmetric in the principal planes. Therefore, in the next section, these
types of feeds are discussed with slots in the waveguide wall to improve the radiation
patterns symmetry.

3.2
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The radiation patterns of a small diameter feed were not symmetric, with the E-plane
pattern having wider beamwidth than the H-plane pattern, which was discussed in the
previous section. Therefore, in this section attempt is made to equalize its E- and H-plane
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patterns by slotting the circular waveguide wall. The slots are cut in the waveguide wall,
in the opposite side of each other, and symmetric with respect to the X-axis. The width of
the slots is perpendicular to the axis. The main advantage of using slots in the opening
end of the waveguide is that they don’t change the overall size of the feed. On the other
hand, the field in the slots radiates, and hence changes the E- and H-plane radiation
patterns. Therefore, slots acts as additional sources to control the E- and H-plane
radiation patterns of the feed.

(a)

(b)

Fig. 3.3 Two different slot positions based on the direction of Electric field distribution (Electric field
is in Y-direction, YZ-plane is E-plane and XZ-plane is H-plane). (a) E-plane slots, (b) H-plane slots.

Depending on the polarization of the electric field, the slots are classified as the Eplane or H-plane slots, which are shown in Fig. 3.3. If the electric field over the aperture
is polarized in the Y-direction so that the YZ-plane is the E-plane of the system, then the
cut in YZ-plane is E-plane slots. On the other hand, the XZ-plane is the H-plane of the
system and the cut in the XZ-plane is called the H-plane slots.

3.2

Slotted Circular Waveguide Feeds

(a)

32

(b)

Fig. 3.4 E-plane slotted circular waveguide feed, for y-polarization; l = 60 mm, a = 10.5 mm, t = 1
mm. (a) 3-D view (b) 2-D view.

The geometry of the E-plane slotted circular waveguide feed [51] is shown in Fig.
3.4. The aperture of the antenna is parallel to the XY-plane, with the polarization of the
principal TE11 mode in the Y-direction. Two opposite rectangular slots are in the opening
face of the circular waveguide wall in the YZ-plane, or the E-plane, are transverse to the
direction of the principal mode. These slots are centered and symmetric with respect to
the X-axis.
The geometry of the H-plane slotted circular waveguide feed is shown in Fig. 3.5.
The dimensions of the circular waveguide are same as E-plane slotted case and the two
opposite rectangular slots are at the opening face of the waveguide wall in the XZ-plane
or the H-plane, and are symmetric to the Y-axis.
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(b)

Fig. 3.5 H-plane slotted circular waveguide feed, for y-polarization; l = 60 mm a = 10.5 mm, t = 1
mm. (a) 3-D view (b) 2-D view.

3.2.1

Effects of Slots

To understand the complete behaviour of the slots, their width is varied from 2 mm to
18 mm with the variation of slots height, h from 0 mm to 8 mm. The selection of the
larges range of the slots width and height is to check the complete behaviour of the slots
with the waveguide. Figs. 3.6 (a) and (b) show the 10-dB beamwidths in the E- and Hplanes, with the variation of slots width and height, for the E-plane slot case. It shows
that for small h, the E-plane and H-plane patterns give small beamwidths, irrespective of
the slots width. However, by increasing h, the E- and H-plane beamwidths become
different. Therefore, for small slot height case, there are slot widths when both the E-and
H-plane pattern beamwidths are equal. The sudden increase in the beamwidths is due to
slight change of radiation patterns, that merges the next side lobe into the main beam.
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Fig. 3.6 Characteristics of the E-plane slotted circular waveguide feed varying slots width and height;
l = 60 mm, a = 10.5 mm, t = 1 mm. (a) -10 dB beamwidth (E-plane), (b) -10 dB beamwidth (H-plane),
(c) peak cross-polarization (0 < θ ≤ 700), (d) back lobe level.

Fig. 3.6 (c) shows the cross-polarization level at 450 plane, within the range of θ ≤
700, for different slot widths and heights. It is revealed from the figure that for small slot
heights, the cross-polarization level increases with slot width. The reason for increasing
cross-polarization level is that, although the slots equalize the E- and H-plane radiation
patterns, they increase the phase difference in the E- and H-planes and that deteriorates
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the overall cross-polarization level of the feed. Fig. 3.6 (d) shows the back lobe level,
which is almost independent of the slot width and height.
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Fig. 3.7 Characteristics of the H-plane slotted circular waveguide feed varying slots width and
height; l = 60 mm, a = 10.5 mm, t = 1 mm. (a) -10 dB beamwidth (E-plane), (b) -10 dB beamwidth (Hplane), (c) peak cross-polarization (0 < θ ≤ 700), (d) back lobe level.

To understand the influence of the H-plane slots on the circular waveguide radiation
patterns, the slot width w and slot height h are varied, similar to the previous case. Figs.
3.7 (a) and (b) show the 10-dB beamwidths of these feeds, which indicate that, when w is

8
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small, the E-plane pattern is broader than the H-plane pattern, for any slot height.
However, when w is large (w = 18 mm), initially the E-plane beamwidth is decreasing,
and then it increases quickly by increasing the slot height. Therefore, at w = 18 mm and h
= 4 mm, the 10-dB beamwidths are equal in both E- and H-planes.
The cross polarization levels at 450 plane are shown in Fig. 3.7 (c), for different slot
heights and widths. This figure shows that for small slot widths, the cross-polarization
level remains almost constant, for any slot height. However, for large slot widths, the
cross-polarization level increases with slot height. Fig. 3.7 (d) presents the back lobe
level for the same conditions, which reveals that for small h, the back lobe level remains
almost the same for all cases of w. However, when h becomes large, it increases for w =
18 mm.

3.2.2

Slotted Waveguide Feeds Design

In the previous sub-section, effects of slot width and slot height were investigated for
the slotted circular waveguide feeds. The results showed that the antenna performance
depends strongly on these parameters. It was found that for the E-plane slot case, the Eand H-plane beamwidths equalize, when the slot width and height are 18 mm and 2 mm
respectively. For the H-plane slots, they equalize for width and height become 18 mm
and 4 mm. Therefore, the feed antennas are designed using these slot parameters.
The simulated radiation amplitude and phase patterns of the E-plane slot case are
shown in Figs. 3.8 (a) and (b), respectively. Fig. 3.8 (a) exhibits that the E- and H-plane
radiation amplitude patterns are symmetric, up to θ = 880, which is very good for a prime
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focus reflector having f/D = 0.26. The cross-polarization level at 450 plane is -26 dB,
which is quite reasonable for this kind of feeds. Although amplitude patterns of the Eand H plane are quite similar (Fig. 3.8 (a)) but the phase difference between the E-and Hplanes is 120 at θ = 700 and 230 at θ = 900 (Fig. 3.8 (b)). This phase difference not only
increases the cross-polarization level, but also causes different phase center locations in
the E- and H-planes. It is also the reason for phase center displacement from the
waveguide open end face.
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Fig. 3.8 Radiation patterns of the E-plane slotted circular waveguide feed; l = 60mm, a = 10.5 mm, t =
1 mm, w = 18 mm and h = 2 mm. (a) amplitude pattern at 10 GHz (b) phase pattern, with respect to
the co-ordinate origin at waveguide face.

Figs. 3.9 (a) and (b) show the amplitude and phase patterns of the H-plane slot case,
for optimum slot parameters. The E- and H-plane patterns are symmetric up to θ = 840,
which is very good with prime focus reflectors having f/D = 0.28. The cross-polarization
level at 450 plane is around -21 dB, which is reasonable for this kind of feeds. Although
the amplitude patterns of the E- and H planes are similar, but their phase difference in the
E-and H-planes is almost 280 at θ = 700 and 300 at θ = 900. This phase differences are
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higher than those of the E-plane slot cases, causing higher cross-polarization level than
the E-plane slot case.
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Fig. 3.9 Radiation patterns of the H-plane slotted circular waveguide feed; l = 60mm, a = 10.5 mm, t
= 1 mm, w = 18 mm and h = 4 mm. (a) amplitude pattern at 10 GHz (b) phase pattern, with respect
to the co-ordinate origin at waveguide face.

Table 3.1 Radiation characteristics of circular waveguide feeds: no-slot, E-plane and H-plane slot
cases; l = 60 mm, a = 10.5 mm, t = 1 mm.
No-slot [22]

E-plane slots
w = 18 mm, h = 2 mm
156

H-plane slots
w = 18 mm, h = 4 mm
142

-10 dB beamwidths, (E-plane)

156

-10 dB beamwidths, (H-plane)

142

156

142

Cross-pol at 450, (0< θ ≤ 900)

-25 dB

-25.9 dB

-20.6 dB

Back lobe level

-12 dB

-12.9 dB

-11.1 dB

Table 3.1 summarizes the circular waveguide feed with radius 0.35 λ0, for the no-slot
[22], and the E- and H-plane slot cases. It is noticed from the table that pattern
equalization is possible for both the E- and H-plane slot cases, although the beamwidths
are different for each case. The -10 dB beamwidth for the E -plane slot case is 1560,
which is wider than the H-plane slot case. Therefore, it requires a reflector with larger
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aperture angle, or small f/D. The cross-polarization level is lower for the E-plane slot
case than the H-plane slot case, and the back lobe level is almost the same for both cases.

3.2.3

Performance of Slotted Waveguide Feeds

When an antenna is used as a feed on a prime focus reflector, its performance in
terms of spillover efficiency, illumination efficiency and gain factor are the most
important parameters. The other important factor for the feed is the stability of its
parameters within its frequency band. In the following sub-section, the performance of
the above E- and H-plane slotted circular waveguide feeds are investigated for the
efficiency and frequency stability, and discussed.

3.2.3.1

Performance of Slotted
Slotted Waveguide Feeds
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Fig. 3.10 Gain factor, spillover efficiency and illumination efficiency of the slotted circular waveguide
feed; l = 60 mm, a = 10.5 mm, t = 1 mm. (a) E-plane slot (b) H-plane slot.

The performances in terms of the spillover efficiency, illumination efficiency and
gain factor of slotted circular waveguide feeds are shown in Fig. 3.10, for the above two
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cases, shown in Table 3.1. Fig. 3.10 (a) shows the results for the E-plane slot case, with w
= 18 mm, and h = 2 mm. Fig. 3.10 (b) shows the same results for the H-plane slot case,
with w = 18 mm and h = 4 mm. As expected, by increasing the aperture angle the gain
factor of the feed is increasing until its reaches to its maximum point when multiplication
of spillover and illumination efficiency is highest, and after that point the gain factor is
decreasing again.
Table 3.2 Performance of a circular waveguide feed for no-slot, E-plane slot and H-plane slot cases at
angle θ0, where the gain factor is maximum; l = 60 mm, a = 10.5 mm, t = 1 mm.
No-slot

E-plane slots
w = 18mm, h = 2 mm

H-plane slots
w = 18 mm, h = 4 mm

θ0

680

730

670

ηs

77.6%

79.5%

83.1%

ηi

86.6%

84.4%

86.4%

g

67.2%

66.4%

70.3%

where,
θ0 = aperture angle at which gain factor is maximum,
ηs = spillover efficiency at θ0,
ηi = illumination efficiency at θ0,
g = maximum gain factor at θ0.

Table 3.2 compares the gain factor, spillover efficiency and illumination efficiency
for the no-slot case with these two cases. For the E-plane slot case, the peak gain factor
occurs for the aperture angle 730, where the spillover and illumination efficiencies are
79.5% and 84.4% respectively. For the H-plane slot case, they are 83.1% and 86.4%
respectively and occur at a smaller angle θ0 = 670. Therefore, both efficiencies are higher
for the H-plane slot case because at -10 dB edge taper, the beamwidth is narrower than
that of the E-plane slot case (see Fig. 3.8(a) and Fig. 3.9(a)). The gain factor of the E-
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plane slotted circular waveguide feed is 66.4% at aperture angle 730, which is almost
same as no-slot case. However, the gain factor for the H-plane slotted feed is 70.3% at
the aperture angle θ0 = 670, which provides larger gain factor than the E-plane slots and
the no-slot cases. Therefore, the gain factor is improved for the H-plane slot case.

3.2.3.2

Frequency Stability of Slotted Waveguide Feeds
Feeds

To determine the performance of slotted waveguide feeds as a function of frequency,
feeds are simulated at 10% bandwidth around the center frequency of 10 GHz. The
performance data for the E-plane slotted feed which is from 9.7 GHz to 10.7 GHz is
shown in Table 3.3. The data shows excellent results for the E- and H-plane -10 dB
beamwidths within the 10% frequency band. The cross-polarization and back lobe levels
are almost the same for all three different frequencies. The gain factor of the antenna is
slightly lower in the lower limit of the frequency band.

Table 3.3 Performance of the E-plane slotted circular waveguide feed within 10% bandwidths; l = 60
mm, a = 10.5 mm, t = 1 mm, w = 18 mm, h = 2 mm.
0.97f0

f0

1.07f0

-10 dB beamwidth, (E-plane)

1580

1560

1440

-10 dB beamwidth, (H-plane)

1480

1560

1400

-25.6 dB

-25.9 dB

-26.8 dB

Back lobe level

-14 dB

-13.2 dB

-13.4 dB

Max gain factor at θ = 710

64.9%

66.4%

67.4%

Cross-polarization level, (0 < θ ≤ 700)

Table 3.4 shows the performance data for the H-plane slotted feed from 9.5 GHz to
10.5 GHz. The 10 dB beamwidths of the feed for the E- and H-plane at three different

3.2

Slotted Circular Waveguide Feeds

42

frequencies are almost the same. The cross-polarization levels at three different
frequencies are -20.5 dB, -20.6 dB and -20.5 dB, respectively, and are also almost the
same for three cases. The back lobe levels are also the same for all three cases. The gain
factor of the feed is above 68.5%, and increases with frequency.

Table 3.4 Performance of the H-plane slotted circular waveguide feed within 10% bandwidths; l = 60
mm, a = 10.5 mm, t = 1 mm, w = 18 mm, h = 4mm.
0.95f0

f0

1.05f0

-10 dB beamwidth, (E-plane)

150

142

138

-10 dB beamwidth, (H-plane)

144

142

137

-20.5 dB

-20.6 dB

-20.5 dB

-12 dB

-10 dB

-13.3 dB

68.5%

70.3%

71.1%

Cross-polarization level (0 < θ ≤ 700)
Back lobe level
Max gain factor at θ = 67

3.2.4

0

Phase Center of Slotted Waveguide Feeds

The phase centers of these slotted feeds [52] are expected to move on the Z-axis, as
the configuration is symmetric about the Z-axis and radiation is in that direction. Since
the phase of the radiated field components cannot be completely constant over entire θ
ranges, the aim here is to find the point on the Z-axis that leads to a minimum variation in
the phase of the E- and H-plane radiated fields. The phase data of the far field component
is used to calculate the displacement needed on the Z-axis to minimize the phase
difference in the radiated far field phase over certain θ ranges for different ϕ values. As
the phase center location and reflector focal point are the same, attention is given to the θ
ranges up to 700 or f/D = 0.36, assuming that the feed will be used on that reflector.
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Fig. 3.11 compares the phase variations and phase center locations for the no-slot, Eplane slot and H-plane slot cases, verses the aperture angle. Fig. 3.11 (a) shows that the
phase variation is increasing with the aperture angle and it is less with the no-slot case,
than the other two cases. Since the phase variations are higher at higher aperture angles
that cause the change in the phase center location which is shown in Fig. 3.11 (b). It also
indicates that the cross-polarization level will be higher for the E- and H-plane slot cases
with respect to the no-slot case.
2

no-slot
E-plane slot
H-plane slot

30

phase center location d (mm)

phase variation (deg)

40

20

10

0
0

30
60
aperture angle (deg)

(a)

90

1
no-slot
E-plane slot
H-plane slot

0

-1

-2
0

30
60
aperture angle (deg)

90

(b)

Fig. 3.11 Phase variations and phase center locations of a circular waveguide feed for three different
cases; l = 60 mm, a = 10.5 mm, t = 1 mm, w = 18 mm. E-plane slot case: h = 2 mm, H-plane slot case:
h = 4 mm. (a) phase variation, (b) phase center location. The phase center location is measured from
the waveguide aperture.

Figs. 3.12 (a) and (b) show the phase center location d in the E-plane dE, H-plane dH
and combined dc locations of the E- and H-plane slotted circular waveguide feeds by
varying the slot height. The negative value of dc indicates that the combined phase center
location is inside the waveguide for both cases. From the figure it is evident that for the
E-plane slot case, the phase center distance dc is approximately half of the slot height,
irrespective of the height. However, for the H-plane slot case, initially dc is half of the
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slot height, and then increases with the slot height. This indicates that for larger slot
heights, the phase variations of the both E- and H-plane slots are higher, and also the
phase variation of the H-plane slot is higher than the E-plane slot. As phase variation is
higher at larger slot heights, for both cases, the cross-polarization level is also higher for
these cases.
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Fig. 3.12 Phase center location d of the slotted circular waveguide feeds for different slot heights at
aperture angle θ0 = 700; l = 60 mm, a = 10.5 mm, t = 1mm, w = 18 mm. (a) E-plane slots (b) H-plane
slots.

3.2.5

Experimental Verification of Slotted Feeds

In the previous sub-sections, the E- and H-plane slotted circular waveguide feeds
were investigated, where slot width and height influenced the radiation patterns of the
feed. It is therefore important to study experimentally the performance of a fabricated
antenna, which will also be influenced by both fabrication tolerances and measurement
accuracy. Thus a feed antenna was fabricated with its dimensions as: length l = 60 mm,
radius a = 10.5 mm and wall thickness t = 1 mm. The fabricated feed antenna is shown in
Fig. 3.13. For the simplicity of the feed fabrication, one slot size (w = 18 mm and h = 4
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mm) was selected for the H-plane slot case. The antenna was fed by a rectangular
waveguide, which was connected to the feed using a short rectangular-to-circular
waveguide transition, having a diameter of 26 mm, which is slightly larger than the feed
waveguide diameter of 21 mm. Therefore, the feed diameter was tapered slightly to 26
mm to match that of the transition.

Fig. 3.13 Fabricated slotted circular waveguide feed. Feed dimensions: l= 60 mm, a = 10.5 mm, t = 1
mm, slot dimensions: w = 18 mm, h = 4 mm.

The fabricated antenna was tested in the antenna Laboratory at the University of
Manitoba. The simulated and measured radiation patterns of the feed are shown in Fig.
3.14. The simulated and measured E- and H-plane radiation patterns are almost identical
for this case. The measured cross-polarization level at 450 plane is also almost identical
as the simulated cross-polarization level.
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Fig. 3.14 The simulated and measured radiation patterns of the H-plane slotted circular waveguide
feed of, a = 10.5 mm, t = 1 mm, w = 18 mm and h = 4 mm at 10 GHz.

3.3

Slotted Waveguide Feeds with a Choke

Slotted circular waveguide feeds presented in the previous section showed the
symmetrical E- and H-plane radiation patterns. However, the beamwidths of the antenna
were wide at -10 dB edge taper, which caused lower spillover efficiency and that
ultimately reduced the gain factor of the antenna. The cross-polarization and back lobe
levels also did not improve and therefore, gain factors remained the same. Hence,
attempts have been made to decrease the beamwidths, improve the cross-polarization and
back lobe levels, by retaining pattern symmetry.
We know that the back lobe level is strongly influenced by diffractions from the
edges, especially from those that are perpendicular to the E-field of the aperture. The
diffractions also lead to undesirable radiations in the back directions. It also affects the
main lobes and the minor lobes. Therefore, attempts are made to reduce the diffractions
from the edges by using chokes. The region between the open end of the waveguide and
choke wall act like a shorted section of a transmission line, where by making the choke

3.3

Slotted Waveguide Feeds with a Choke

47

height equal to λ0/4, large reactive impedance is created. Thus, the current is almost zero
on that region. Initially a single choke is introduced in the slotted circular waveguide
feed, to improve the cross polarization and back lobe levels, along with the pattern
symmetry of the E- and H-planes. The effects of multiple chokes on the feed performance
are also addressed later. The above two geometries of slotted circular waveguides are
discussed for this reason. The first geometry is the E-plane slotted feed and the other
geometry is the H-plane slotted feed. As the slots locations are different in the two cases,
their effects are different. It is therefore necessary to investigate them separately.

3.3.1

Slotted Feed Design with a Choke

The E-plane slotted circular waveguide with a single choke feed [53] is shown in Fig.
3.15. The waveguide dimension l = 60 mm, a = 10.5 mm and t = 1 mm are chosen, so that
only the dominant TE11 mode will propagate in the structure. The aperture lies on the
parallel to XY-plane and the electric field is excited in the y-direction. As before, two
opposite rectangular E-plane slots, cut in the opening end of the waveguide wall are
transverse to the direction of the electric field, width w, and height h.
A choke is introduced with this structure. The radius cr of the choke is from the
center point to the inner side of the choke wall and the thickness of the choke wall is the
same as the waveguide wall thickness. For simplicity of the explanation the choke gap g1
is denoted as distance between the outer wall of the waveguide to the inner wall of the
choke. The choke gap is selected as 1 mm to keep the overall radius of the feed as small
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as possible. The height of the choke is denoted by ch, which is designed to be around
quarter wavelength of the operating frequency, which is 7.5 mm at 10 GHz.

(a)

(b)

Fig. 3.15 E-plane slotted circular waveguide feed with a single choke, at y-polarization; l = 60 mm, a
= 10.5 mm and t = 1mm; (a) 3-D view, (b) 2-D view.

(a)

(b)

Fig. 3.16 H-plane slotted circular waveguide feed with a single choke, at y-polarization; l = 60mm, a
= 10.5 mm, t = 1 mm; (a) 3-D view, (b) 2-D view.

The geometry of the H-plane slotted waveguide feed with a single choke is shown in
Fig. 3.16. Two opposite rectangular H-plane slots, cut in the open face of the waveguide
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wall, are perpendicular to the direction of the electric field and their dimensions are
denoted by width w, and height h. Like the previous case, a choke of height ch and gap g1
is introduced with the structure.

3.3.1.1

Radiation Patterns of Slotted Feeds
Feeds with a Choke

The feeds are designed and simulated, after several iterations. For the E-plane slot
case, the optimized slot width and height are 2 mm and 3 mm, respectively. The
amplitude patterns of the feed are shown in Fig. 3.17 (a), which shows pattern symmetry
up to 800, which is very useful as a feed for prime focus reflector antennas. The crosspolarization and back lobe level are -33 dB and -26 dB, respectively, which are also very
low. Fig. 3.17 (b) indicates the phase angle variations up to 300, for an aperture angle of
800, which indicates a phase center location outside the waveguide aperture. However,
the minimum phase difference between the E- and H-plane is low that indicates low
cross-polarization level, which is confirmed by Fig. 3.17 (a).
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Fig. 3.17 Radiation patterns of the E-plane slotted circular waveguide feed with a single choke; l = 60
mm, a = 10.5 mm, t = 1 mm, w = 2 mm, h = 3 mm, g1 = 1 mm, ch = 7.5 mm. (a) amplitude patterns at
10 GHz, (b) phase patterns with respect to the co-ordinate at waveguide face.
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For the H-plane slot case, slot width w and slot height h are selected as 16 mm and 4
mm, respectively, after several iterations. The radiation patterns of the feed are shown in
Fig. 3.18 (a), where all antenna dimensions are also shown. The co-polar radiation
patterns are symmetric up to 900 and that angular range is good enough for the feed of a
prime focus reflector antenna. The cross-polarization at 450 plane and back lobe levels
are -22.5 dB and -13.3 dB, respectively. Fig. 3.18 (b) shows the phase patterns of the feed
when the coordinate origin at waveguide aperture, where the phase variations of the Eand H-plane increase with the aperture angle. As the phase difference between E- and Hplanes is higher for a higher aperture angle, it indicates a higher cross-polarization level,
which is confirmed by Fig. 3.18 (a).
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Fig. 3.18 Radiation patterns of the H-plane slotted circular waveguide feed with a single choke; l = 60
mm, a = 10.5 mm, t = 1mm, w = 16 mm, h = 4 mm, g1 = 1 mm, ch = 7.5 mm. (a) amplitude patterns at
10 GHz, (b) phase patterns with respect to co-ordinate at waveguide face.

Table 3.5 shows the electrical characteristics of the circular waveguide with a single
choke feed, for three different cases: no-slot, E-plane slot and H-plane slot. It shows that
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radiation patterns are equal in the E- and H-plane slot cases, compared to no-slot case.
The beamwidths for the E- and H-plane slot cases are 1350 and 1340 respectively. The
cross-polarization level for the E-plane is -33.5 dB compare to -22.5 dB for the H-plane
slot case. Therefore, the cross-polarization level is lower for the E-plane than the H-plane
slot case. This is because of the smaller phase difference between E- and H-planes, in the
E-plane slot case, than the H-plane slot (Fig. 3.17 (b) and Fig. 3.18 (b)). The back lobe
level for the E-plane is -26 dB, which is lower than the H-plane slot case (-13.3 dB), and
again it is comparable with the no-slot case.
Table 3.5 Radiation characteristics of the slotted circular waveguide feed with a single choke for
various cases; l = 60 mm, a = 10.5 mm, t = 1 mm, g1 = 1 mm, and ch = 7.5 mm.

-10 dB beamwidths, (E-plane)

1280

E-plane slots with a
single choke
(w= 2 mm, h = 3 mm)
1350

-10 dB beamwidths, (H-plane)

1350

1350

1340

Cross-pol at 450, (0< θ ≤ 900)

-32 dB

-33.5 dB

-22.5 dB

Back lobe level

-25 dB

-26 dB

-13.3 dB

No-slot with a
single choke [22]

3.3.2

H-plane slots with a
single choke
(w=16 mm, h = 4 mm)
1340

Performance of Slotted Feeds with a Choke

The performance in terms of the spillover, and illumination efficiencies and the gain
factor of the circular waveguide feed with a single choke, for three different cases: noslot, E-plane slot and H-plane slot, are demonstrated in Table 3.6. The spillover
efficiencies are 82.4%, 85.7% and 83.4%, respectively, for the no-slot, E-plane slot and
H-plane slot case. It is higher for the E-plane slot case because of the low relative power
beyond the aperture angle θ0. The illumination efficiencies are around 85%, which are
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almost the same for all three cases. The gain factors for no slot, E- and H-plane slot cases
are 68.8%, 72.8% and 70.5% respectively. Therefore, it clearly shows that the gain
factors are higher for the E- and H-plane slot case than the no slot case.
Table 3.6 Performance of the slotted circular waveguide feed with a single choke in terms of
efficiency for various cases; l = 60 mm, a = 10.5 mm, t = 1 mm, g1 = 1 mm, ch = 7.5 mm.
No-slot with a single
choke

E-plane slots with a single
choke (w = 2 mm, h = 3 mm)

H-plane slots with a single
choke (w = 16 mm, h = 4 mm)

θ0

630

640

640

s

82.4%

85.7%

83.4%

i

84.8%

85.6%

85.5%

g

68.8%

72.8%

70.5%

where,
θ0 = aperture angle at which gain factor is maximum.
ηs = spillover efficiency at θ0.
ηi = illumination efficiency at θ0.
g = maximum gain factor of the feed at θ0.

3.3.3

Phase Center of Slotted Feeds with a Choke

The phase centers of these slotted feed with choke are expected to move on the Z-axis
as before. As the phase center location and reflector focal point coincide with each other,
attention is given to the θ ranges up to 900 or f/D = 0.25. Fig. 3.19 shows the phase center
locations for the E- and H-plane slot cases. In this figure a positive d means that the phase
center is in front of the waveguide aperture and negative d means the phase center is
inside the waveguide. The figure shows that for the E-plane slot case, the phase center is
outside the waveguide aperture, whereas for the H-plane slot case it is almost at
waveguide face. This is because phase deviation of E- and H-plane with aperture angle is
higher for the E-plane slot than the H-plane slot case. However, phase difference between
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the two planes is small for the E-plane slot case than the H-plane slot case, which is
confirmed by Fig. 3.17 (b) and Fig. 3.18 (b). Therefore, the cross-polarization level is low
for the E-plane slot case.
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Fig. 3.19 Phase center location d of the slotted circular waveguide feed with a single choke for E- and
H-plane slot cases; Feed parameters are shown in Fig. 3.17 and Fig. 3.18.

3.3.4

Experimental Verification of Feeds with a Choke

To verify the performance of the slotted feeds with choke, studied in the previous
sections, one antenna was built and tested at the University of Manitoba Antenna
Laboratory. The dimension of the feed was: l = 60 mm, a = 10.5 mm, t = 1 mm, g1 = 1
mm, h = 7.5 mm, which is shown in Fig. 3.20. For the simplicity of the feed fabrication,
slots with size of w = 16 mm and h = 4 mm were selected. The same feed was used for
both E- and H-plane slotted cases, by changing the polarization of the field inside the
waveguide. The antennas were fed by a rectangular waveguide which was connected to
the feed using a short rectangular-to-circular waveguide transition, having a diameter of
26 mm, which is slightly larger than the feed waveguide diameter of 21 mm. Therefore,
the feed diameter was tapered slightly to 26 mm to match that of the transition.
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Fig. 3.20 Fabricated slotted circular waveguide feed with a single choke; l = 60 mm, a = 10.5 mm, t =
1 mm, w = 18 mm, h = 4 mm, g1 = 1mm, h = 7.5 mm.

The simulated and measured radiation patterns of the fabricated slotted waveguide
feed with choke are shown in Figs. 3.21 (a) and (b), respectively. The measured co-polar
radiation patterns are almost identical to the simulated radiation pattern and symmetric up
to 900, and that the angular range is good enough for the feed of a prime focus reflector
antenna. The cross-polarization level at the 450 plane for simulated and measured
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Fig. 3.21 Simulated and measured radiation patterns of the H-plane slotted circular waveguide feed
with a single choke; antenna parameters are shown in Fig. 3.20. (a) simulation, (b) measurement.
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Slotted Waveguide Feeds with Multiple Chokes

The slotted circular waveguide feeds with a single choke were investigated in the
previous sub-sections, where it was found that the pattern equalization with low back
lobe level was possible for these feeds. The gain factor of the feeds was also improved
over those without a choke. Using the same concept describe in section 3.3.3 for reducing
the cross-polarization and back lobe level, multiple chokes are added to the slotted
circular waveguide feeds, to investigate the radiation characteristics and to improve their
gain factors. However, adding multiple chokes increase the overall diameter of the feeds,
which ultimately increase the feed blockage and reduce the gain factor. In the following
sub-section, the effects of multiple chokes on the slotted waveguide feed performance are
investigated, for both slotted cases.

3.3.5.1

Slotted Feed Design with Multiple Chokes

The geometry of the E-plane slotted circular waveguide feed with double chokes is
shown in Fig. 3.22 (a), where all the parameters are shown in the figure caption. The gap
and height of the second choke is selected after several iterations with optimization of the
radiation patterns. Introducing second choke with the structure, the overall diameter of
the feed is increased to 15.5 mm (0.517 λ0), which is still small compared to the
wavelength of the operating frequency.
The amplitude patterns of the feed are shown in Fig. 3.22 (b), where the E- and Hplane co-polar patterns are very symmetric up to 800 with very low cross-polarization.
The phase pattern, shown in the Fig. 3.22 (c), illustrates that the E- and H-plane phase
angle are very close to each other, though there are large phase deviations at higher
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angles. This indicates that it has low cross-polarization with its phase center being outside
of the waveguide face.
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Fig. 3.22 E-plane slotted circular waveguide feed with double chokes; l = 60 mm, a = 10.5 mm, t = 1
mm, g1 = 1 mm, g2 = 1 mm, ch = 7.5 mm, w = 2 mm, h = 5 mm. (a) geometry, (b) amplitude pattern at
10 GHz, (c) phase pattern, with respect to the co-ordinate origin at waveguide face.

The amplitude patterns of an E-plane slotted waveguide with triple chokes are shown
in Fig. 3.23 (a). All feed dimensions are the same as the previous case with the additional
parameter as the third choke gap, which is 1 mm. Now the overall radius of the feed is
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17.5 mm (0.583 λ0), which is still small compared to the wavelength of the operating
frequency. The amplitude patterns show that the E- and H-plane co-polar patterns are
very symmetric up to 900 with low cross-polarization level. The advantage of using the
additional choke is that the back lobe level is low compare to the previous case. The
phase pattern, which is shown in Fig. 3.23 (b) shows that the E- and H-plane phase angles
are very close to each other. However, there are large phase variations of the E- and Hplane with respect to the large angle. This indicates that the feed has low crosspolarization, with its phase center being the outside the waveguide face.
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Fig. 3.23 Radiation patterns of the E-plane slotted circular waveguide feed with triple chokes; l = 60
mm, a = 10.5 mm, t = 1 mm, g1 = 1 mm, g2 = 1 mm, g3 = 1 mm, ch = 7.5 mm, w = 2 mm, h = 5 mm. (a)
amplitude pattern at 10 GHz, (b) phase pattern, with respect to the co-ordinate origin at waveguide
face.

The geometry of the H-plane slotted circular waveguide feed with double chokes is
shown in Fig. 3.24 (a), where the antenna parameters are shown in the figure caption. Fig.
3.24 (b) shows the radiation patterns where, the E- and H-plane patterns are not
symmetric, with the H-plane pattern being slightly wider than the E-plane pattern. The
10-dB beamwidth in the E- and H-plane are 1240 and 1280, respectively. The cross-
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polarization level is very low in this case. This is because the phase patterns of the E- and
H-planes are symmetric up to 700, which can be verified by Fig. 3.24 (c). Although the
phase patterns are symmetric, there is a still phase variation of both planes with the angle,
and the phase center location is outside the waveguide face. The back lobe level of the
feed is -25 dB, which is also low compared to the single choke feed case.
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Fig. 3.24 H-plane slotted circular waveguide feed with double choke; l = 60 mm, a = 10.5 mm, t = 1
mm, g1 = 1 mm, g2 = 1 mm, ch = 7.5 mm, w = 16 mm, h = 4 mm. (a) geometry, (b) amplitude pattern
at 10 GHz, (c) phase pattern, with respect to the co-ordinate origin at waveguide face.
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Performance of Slotted Feeds
Feeds with multiple chokes

The performances of the E-plane slotted circular waveguide feed with double chokes
and triple chokes, and H-plane slotted circular waveguide feed with double chokes are
shown in Table 3.7. The gain factor of the E-plane slotted feed with double chokes is
73.3%, and triple chokes is 72.6% and the same results for the H-plane slotted feed with
double chokes is 73.3%, respectively. The results indicate that adding additional chokes
decrease the beamwidth of the feed and improve the gain factor of the antenna. These
results are also comparable with the feed designed by Shafai and Kishk [22]. For all
cases, the gain factors of the feeds are higher than single choke case. However, two and
three chokes give almost the same gain factor, although the three choke case increases the
overall diameter of the feed, which causes the higher blocking effect.
Table 3.7 Performance of the feeds in terms of efficiency, waveguide radius a = 10.5 mm, wall
thickness t = 1 mm, choke height ch = 7.5 mm, choke gaps g1 = 1 mm, g2 = 1mm, g3 = 1mm, choke
gaps are same for all cases.
Circular waveguide feed
with triple chokes, by
Shafai and Kishk [22].
(feed radius 1.35 λ0)

E-plane slotted circular
waveguide feed with
double chokes (feed
radius 0.517 λ0)

E-plane slotted circular
waveguide feed with
triple chokes
( feed radius 0.583 λ0)

H-plane slotted circular
waveguide feed with
double chokes ( feed
radius 0.517 λ0)

θ0

640

590

590

590

s

-

86.0%

85.5%

85.8%

i

-

86.0%

85.8%

86.0%

g

74.9%

73.3%

72.6%

73.3%

Where,
θ0 = aperture angle at which gain factor is maximum.
s = spillover efficiency at θ0.
i = illumination efficiency at θ0.
g = gain factor of the feed at θ0.
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Phase Center of Slotted Feeds
Feeds with Multiple Chokes

Fig. 3.25 shows the phase center location of slotted circular waveguide feeds with
multiple chokes, for the E- and H-plane slot cases. For all cases, the phase center
locations are outside the waveguide aperture and are further away from the waveguide
face with larger aperture angles. This indicates the phase variations of the feed. However,
the phase difference between E- and H-planes is small for all cases (Fig. 3.22 (c) or Fig.
3.23 (b)), indicating that the cross-polarization levels are small compared to single choke
case.
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Fig. 3.25 Phase center location d of slotted circular waveguide feeds with double and triple chokes for
three different cases.

3.4

Slotted Waveguide Feeds with a Cavity

Deep reflectors, which have small f/D values, or wide aperture angles, fail to provide
high aperture efficiencies if the feed radiation patterns are tapered monotonically from
broadside. To increase the aperture efficiency, the feed must produce uniform
illumination over the parabolic aperture. Such feeds are often difficult to design as they
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seldom give high gain factors, with low cross-polarizations. A circular waveguide feed
with cavity have shown a good performance for the deep reflectors. This feed is
composed of open ended coaxial cavity of length λ0/2, where the current is high, with a
circular waveguide acting as the inner conductor. The coaxial cavity is excited by the
fields of the circular waveguide and excitation modes are decided by the cavity inner and
outer diameters. Thus, the coaxial cavity acts as a non-resonance secondary source. The
presence of slots in the circular waveguide opening face effects the field distribution of
the waveguide. Therefore, the slots have effects on the overall feed structures.
The cavity with slotted circular waveguide increases the overall diameter of the feed,
which ultimately increase the feed blockage. Therefore, this effect should be considered
in designing the feed.

In the following sub-section, we will discuss slotted circular

waveguide feed with cavity for E- and H-plane slot cases.

3.4.1

Slotted Feed Design with a Cavity

(a)

(b)

Fig. 3.26 E-plane slotted circular waveguide feed with a single cavity, y-polarization; l = 60 mm, a =
10.5 mm, t = 1 mm, w = 16 mm, h = 1 mm, g1 = 18.5 mm, ch = 17 mm; (a) 3-D view, (b) 2-D view.
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The geometry of the E-plane slotted circular waveguide feed with a single cavity is
shown in Fig. 3.26, where l = 60 mm, a = 10.5 mm, t = 1 mm, as before. The feed
antenna is operating at fr = 10 GHz and its diameter confirms that only the dominant TE11
mode will propagate in the structure. A cavity is introduced with this structure. The
radius, cr of the cavity is from the center point to the inner side of the cavity wall, and the
wall thickness of the cavity is same as the waveguide wall thickness. For simplicity of the
explanation, cavity gap is denoted as g1, distance between the outer wall of the
waveguide to the inner wall of the cavity. As the cavity gap increases, it increases the
overall radius which will block the reflected wave from the reflector. The depth of the
cavity is denoted by ch, which is initially designed around half wavelength of the
operating frequency. The thickness of the cavity wall ct is the same as the thickness of
the circular waveguide wall.
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Fig. 3.27 Radiation patterns of the E-plane slotted circular waveguide feed with a single cavity. All
parameters are shown in Fig. 3.26. (a) amplitude pattern at 10 GHz, (b) phase pattern, with respect
to the co-ordinate origin at waveguide face.
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For optimization of the feed parameters, the distance between waveguide wall and
cavity gap g1 is selected as 18.5 mm and the cavity depth ch is selected as 17 mm, after
several iterations by changing the cavity gap and cavity depth. The simulated amplitude
patterns of the feed are shown in Fig. 3.27 (a), with its parameters as shown in the Fig.
3.26. The radiated field can be divided into three types. One from the E-plane slotted
circular waveguide, the second from the co-axial cavity, and the third from the diffracted
fields due to the edges of the coaxial outer conductor. These three waves form a sector
shape radiation patterns, which shows excellent pattern symmetry in the E- and H-plane.
At boresight the value is -10 dB and it gradually increases with the angle, with the peak
gain is at 370. The beamwidth at -10 dB taper of the feed is high compared to the
previous cases and that causes higher gain factor of the antenna. The cross-polarization
level of the antenna is low, which is reduced to -23.1 dB. Fig. 3.27 (b) shows the phase
patterns of the antenna, which shows excellent phase pattern symmetry for the E- and Hplanes. As the phase patterns are almost identical, the cross-polarization level is low for
this case. The phase center locations for the E- and H-plane are close to each other. As
Fig. 3.27 (b) shows there are phase variations in both E- and H-planes as a function of the
aperture angle, and therefore the phase center is not located on the waveguide aperture.
The geometry of the H-plane slotted circular waveguide feed with a single cavity is
shown in Fig. 3.28, with its parameters as shown in the figure. The aperture is parallel to
the XY-plane, and the electric field is excited in the Y-direction. Two H-plane slots are
placed in the waveguide open end to change the field distribution of the waveguide. The
cavity gap g1 is selected as 18.5 mm and the depth of the cavity is selected as 18 mm after
several simulations by changing the cavity gap and cavity depth.
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(b)

Fig. 3.28 H- plane slotted circular waveguide feed with a single cavity, y-polarization; l = 60 mm, a =
10.5 mm, t = 1 mm, w = 16 mm, h = 1 mm, g1 = 18.5 mm, ch = 17 mm; (a) 3-D view, (b) 2-D view.

The amplitude patterns of the feed at 10 GHz are shown in Fig. 3.29 (a), with its
parameters given in the Fig. 3.28. At broadside, the value is around -12 dB and it
gradually increases with the angle θ up to the peak gain of 380 and then gradually
decreases with the angle θ. Therefore, the beamwidths at -10 dB taper of this feed are
wider and that causes a higher gain factor of the antenna. The cross-polarization level of
the antenna is very low, which is around -27 dB. Fig. 3.29 (b) shows the phase patterns of
the antenna. The H-plane phase is higher than the E-plane phase up to the angle of 550
and then the E-plane phase is higher than the H-plane phase. Again as the phase of the Eand H-plane changes with the angle, it causes phase center displacement of the feed from
the waveguide face.
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Fig. 3.29 Radiation patterns of the H-plane slotted circular waveguide feed with a single cavity. All
parameters are shown in Fig. 3.28. (a) amplitude pattern at 10 GHz, (b) phase pattern, with respect
to the co-ordinate origin at waveguide face.

Table 3.8 summarize the circular waveguide feed with a single cavity for no-slot [31],
E-plane slot and H-plane slot cases. From the table it is observed that the pattern
equalization is possible for the E- and H-plane slot cases. However, the -10 dB
beamwidths are higher for the E- and H-plane slot cases, compared to no-slot case. The
cross-polarization level is lower for the E and H-plane slot cases than the no-slot case.
Table 3.8 Radiation characteristics of the slotted circular waveguide feed with a single cavity; l = 60
mm, a = 10.5 mm, t = 1 mm.
E-plane slotted case
(g1 = 18.5 mm, ch =
17 mm, w=16 mm, h
= 1mm)

H-plane slotted case
(g1 = 18.5 mm, ch =
18 mm. w=16 mm, h
= 1mm)

No-slot case [31]
(a=11.9 mm, g1 =
20.6 mm, ch = 14.1
mm )

-10 dB beamwdith, (E-plane)

1520

1520

1420

-10 dB beamwdith, (H-plane)

1520

1500

1440

Cross-pol at 450, (0< θ ≤ 900)

-23.1

-27

-16.9

Back lobe level

-18.3

-16.2

-24.1
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Performance of Slotted Feeds with a Cavity

The performance in terms of gain factor of a circular waveguide feed with a cavity for
three different cases: no-slots, E-plane slots and H-plane slots are listed at Table 3.9. The
feed dimensions are shown in Fig. 3.26 for the E-plane slot and Fig. 3.28 for the H-plane
slot case. The gain factor for the E-plane, H-plane and no-slot case are 77.6%, 78.5%,
and 81.4% respectively. Usually, the phase efficiency and the cross-polarization
efficiency are not dominant in the gain factor calculation in a sense that their efficiency is
high. However, the phase efficiency is accountable for the gain factor, when there are
large phase errors in the feed. In the E-plane slotted feed case, the spillover and
illumination efficiencies are higher than H-plane slot case. However, the phase efficiency
is 96.5% at θ0 = 680. Therefore, the overall gain factor of the antenna is 77.6% at that
angle. For the H-plane slotted case the phase efficiency is 99.6% and in that case the gain
factor is 78.5%. Therefore, the overall gain factor of the feed for the H-plane slot case is
higher than that of the E-plane slot case.
Table 3.9 Performance of the slotted circular waveguide feed with a single cavity, in terms of
efficiency; l = 60 mm, a = 10.5 mm, t = 1 mm.
E-plane slotted case
0

H-plane slotted case
0

No-slot case [31]
600

θ0

68

s

88.1%

86.9%

89.9%

i

91.3%

90.7%

90.5%

g

77.6%

78.5%

81.4%
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Where,
θ0 = aperture angle at which gain factor is maximum
s = spillover efficiency at θ0.
i = illumination efficiency at θ0.
g = gain factor of the feed at θ0.
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Phase Center of Slotted Feeds with a Cavity

The phase center locations of these feeds are again expected to be on the Z-axis. In
these feeds the phase variations with the angle θ are very high as shown in Fig. 3.27 (b)
and Fig. 3.29 (b) and therefore, it is hard to find a unique phase center location. Again
due to these large phase variations, the phase efficiency of these feeds is low and it is
should be counted in the gain factor calculation. The phase center location of these feeds
is calculated by selecting the location with the highest phase efficiency. The result shows
that for the E-plane slot case, the phase efficiency is highest (96.5%), when the phase
center location is 3 mm inside the waveguide and at that point the gain factor of the
antenna is 77.6%. For the H-plane slot case, the phase efficiency is highest (99.6%), when
phase center location is 1 mm inside the waveguide and at that point the gain factor of the
antenna is 78.5%.

3.4.4

Experimental Verification of Feeds with a Cavity

To confirm the simulation studies, the slotted circular waveguide feed with a cavity
was fabricated and tested at University of Manitoba antenna laboratory. Fig. 3.30 shows
the feed with the dimension of the circular waveguide: l = 60 mm, a = 10.5 mm and t = 1
mm, the cavity was: g1 = 18.5 mm, ch = 17 mm, and slots: w = 18 mm and h = 1 mm
selected. By changing the polarization within the slotted waveguide, the E- and H-plane
cases were selected. The feed was again fed by a rectangular to circular waveguide
transition, which was connected through a feed line. The dimension of the transition was

3.4

Slotted Waveguide Feeds with a Cavity

68

higher than slotted waveguide. Therefore, the feed diameter was tapered and slightly
increased to 26 mm to match with that of the transition.

Fig. 3.30 Fabricated slotted circular waveguide feed with a single cavity; l = 60 mm, a = 10.5 mm, t =
1 mm, w = 18 mm, h = 1 mm, g1 = 18.5 mm, ch = 17 mm.

The fabricated antenna was tested in the antenna Laboratory at the University of
Manitoba for both cases. The simulated and measured radiation patterns of the E-plane
slotted circular waveguide feed are shown in Fig. 3.31. The H-plane pattern is slightly
higher than the E-plane pattern. This is because of the selected slot dimensions for the Eplane slot case. The measured cross-polarization level is slightly lower than the simulated
cross-polarization level. However, they are very close to each other.
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Fig. 3.31 Radiation patterns of the E-plane slotted circular waveguide with a single cavity feed of
radius a = 10.5 mm, wall thickness t = 1 mm, slots width w = 16 mm and slots height h = 1 mm, cavity
gap g1 = 18.5 mm, cavity depth ch = 17 mm at 10 GHz; (a) simulation, (b) measurement.

3.4.5

Slotted Feeds with a Cavity and λ0/4 Choke

The slotted circular waveguide feed with a single cavity has a high back lobe level. A
quarter wavelength choke can be used with the cavity to reduce the back lobe level.
Usually cavity height of the feed is higher than λ0/4 of the operating frequency.
Therefore, if a quarter wavelength choke is incorporated with the cavity, it will act as a
quarter wavelength transmission line. It reduces the unwanted current in the outer region
of the cavity and improves the back lobe level of the feed.
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Fig. 3.32 E-plane slotted circular waveguide with a single cavity with λ0/4 choke feed; l = 60 mm, a =
10.5 mm, t = 1 mm, w = 16 mm, h = 1 mm, g1 = 18.5 mm, ch = 16 mm, choke height 7.5 mm,
thickness 1 mm. (a) geometry, (b) amplitude pattern at 10 GHz, (c) phase pattern, with respect to the
origin at waveguide face.

Fig. 3.32 (a) shows the geometry of the feed, where choke height is 7.5 mm (λ0/4).
The thickness of the cavity wall is now 3 mm so that it can incorporate the slotted choke.
All other parameters are the same as the previous case. The amplitude patterns are shown
in the Fig. 3.32 (b), which shows good symmetrical patterns with a reasonable crosspolarization. However, a significant improvement has been found in the back lobe level.
Fig. 3.32 (c) shows the phase pattern of the feed. At 700, the phase difference between the
E- and H-plane is almost 120, which causes the phase center displacement from the
waveguide face.
The H-plane slotted circular waveguide feed with a single cavity has also high back
lobe level. To reduce the back lobe level, a quarter wavelength choke is introduced with
this structure, which is shown in Fig. 3.33 (a). All parameters are the same as the
previous case. The amplitude patterns of the feed are shown in Fig. 3.33 (b), which shows
good symmetrical patterns with a reasonable cross-polarization. A significant
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improvement is found in the back lobe level, which is -23 dB, and lower than the single
cavity case. Fig. 3.33 (c) shows the phase patterns of the feed. At 700 the phase difference
between E- and H-plane is almost 220, and that is the reason for the higher crosspolarization level. It should be mentioned that the phase difference is higher for the Hplane slot case than that of the E-plane slot case, and that causes higher cross-polarization
level of the former.
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Fig. 3.33 H-plane slotted circular waveguide with a single cavity with λ0/4 choke feed l = 60 mm, a =
10.5 mm, t = 1 mm, w = 16 mm, h = 1 mm, g1 = 18.5 mm, ch = 16 mm, choke height 7.5 mm,
thickness 1 mm. (a) geometry, (b) amplitude pattern at 10 GHz, (c) phase pattern, with respect to the
co-ordinate geometry at waveguide face.
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Summary

The circular waveguide used as a feed for prime focus reflector antenna, for its low
cost and simple fabrication techniques. However, waveguide feeds, with smaller radii
around 0.35 λ0, had unequal E-and H-plane radiation patterns with the E-plane providing
a wider beamwidth than the H-plane. Introducing slots in the waveguide open end wall
equalized the E- and H-plane radiation patterns. Therefore, the design of the feed with
symmetric radiation patterns and having smaller waveguide radius was possible. For the
E-plane slot case the best possible results were found, when slot width was 18 mm and
slot height was 2 mm and for the H-plane slot case slot width was 18 mm and slot height
was 4 mm. The gain factors of the feeds for the two cases were evaluated and the overall
efficiencies were found 66.4% and 70.3%, respectively, for the E- and H-plane slot cases.
The performance of the feed antennas, in terms of frequency was also studied for these
two cases, and it showed that the feeds had stabled performance within a 10% frequency
band. The phase center locations of both feeds were also studied. It was found that their
phase center locations were varied with the slot dimensions.
Slotted circular waveguides with a single choke was presented, which improved the
gain factor of the feed up to 72.8%. Slots in the waveguide wall equalized the E- and Hplane radiation patterns, while the choke reduced its cross-polarization and back lobe
level. It also reduced the beamwidths of the antenna. As a result, the illumination
efficiency was improved, which improved the gain factor of the antenna. To further
investigate the gain factor, the slotted circular waveguide with multiple chokes were
designed and simulated. The results showed that the feed with multiple chokes further
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improved the radiation characteristics, as well as the gain factor of the antenna. The
frequency stability of the feeds and its performance were also studied. The comparisons
were shown in different tabular format. The phase center locations of the feeds were also
discussed in this chapter. It was found that the phase center locations for the E- and Hplane slotted circular waveguides with choke were outside the waveguide face.
Slotted circular waveguides with a cavity were also presented in this chapter. It
equalized the E- and H-plane radiation patterns with broader beamwidths. The back lobe
level of the feed was high. To improve the back lobe level, slotted circular waveguides
with a choke in the cavity wall was designed and simulated. It showed good radiation
characteristics with improved back lobe level. All feeds were fabricated and measured in
the University of Manitoba antenna laboratory. The measured radiation patterns were
matched with the simulation results.
Slotted circular waveguide feed presented in this chapter was simple and easy to
fabricate and showed good radiation patterns, improved cross-polarization and back lobe
level. Therefore, it is used as a feed for prime focus reflectors. However, it needs struts
support to mount it on a reflector. Moreover, it is hard to integrate it with other
microwave devices. Microstrip dipole feeds with backward radiation have the attractive
features of low profile, light weight, easy of fabrication, simple mount, and easy of
integrate with other circuitry. In the following chapter, we will introduce microstrip
dipole feeds and investigate some of their properties.

Chapter 4
Microstrip Dipole Feeds

4.1

Introduction

Dipole antennas are used in various applications such as phased array or feeds for the
reflectors. Compared to the straight wire dipole antennas, microstrip dipole antennas have
additional advantage is being planner structure, and light weight. These antennas are
generally economical to produce because of their adaptability with integrated circuits
fabrication techniques [54]. Therefore, attempts have been made to design microstrip
dipole antennas for reflector feed.
Most existing micorstrip dipole antennas are based on the popular printed dipole
design proposed in [55]. In this design, the dipole arms are connected to microstrip lines
through integrated balun which is fed by a 50Ω single-ended microstrip line. It is known
that dipole antennas need balanced feeding. This feeding can be achieved by using
parallel dual-line transmission lines. However, microstrip lines that are used in RF &
microwave circuits are unbalanced type. Therefore, balun is required to convert a single
microstirp line to dual-transmission lines.
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Microstrip dipole with directors is also used in some applications, where it acts as
traditional Yagi-Uda case. One of these designs is presented in [56], where the driver and
director are printed dipoles placed on one side of the substrate with a high dielectric
permittivity and the dipole-reflector is a truncated ground plane placed on the other side
of the substrate. The driver is fed by the odd-mode current of a coplanar strip line (CPS).
The CPS line is connected to the microstrop line through a transition balun. This feeding
mechanism is geometrically complex and requires a relatively complicated balun that not
only increase the size of the structure, but also degrades the radiation performance of the
antenna. Alternative methods of feeding such antennas is presented in [57]-[58]-[59],
where one of the dipole arms is printed on one side of substrate and connected to one of
the parallel microstrip line. The other dipole arm is placed on the other side of the
substrate, which is connected to the truncated ground plane by the other parallel strip
mcirostrip line. Therefore, the feeding mechanism is a simple parallel microstrip feed line
which simplifies the complex feeding network. Although these antennas are simple to
design, they provide patterns with forward radiation and therefore need conventional strut
supports, as a prime focus reflector feed.

4.2

Backward Microstrip Dipole Feeds

In this section a new microstrip dipole feed is designed and studied. It is a microstrip
dipole antenna with a dipole-reflector in front of the dipole arms to provide backward
radiation, thereby eliminating the need for strut supports. In addition, the printed dipole
has inherently small physical cross section, limited only by its substrate thickness. The
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antenna design is similar to a traditional Yagi-Uda antenna [57]-[60], except the main
beam is directed back along the feed transmission line axis. In the design process, a
truncated/tapered ground plane act similar to a director element and the dipole-reflector
which is placed in front of the dipole arms act as a reflector. The feeding mechanism is a
simple parallel strip feed line, where one of the dipole arms is placed on one side of the
substrate which is connected to one of the parallel microstrip line. The other dipole arm
which is placed on the other side of the substrate is connected to the truncated ground
plane by the second mcirostrip line. The antenna configuration and design are presented
and studied in the following sections.

4.2.1

Design of the Backward Microstrip Dipole Feed

The schematic and parameters of the proposed antenna are shown in Fig. 4.1 [43].
The antenna is operating at fr = 3 GHz and is printed on a substrate of length L = 60 mm,
width W = 60 mm, dielectric constant εr = 2.5, loss tangent (tan δ) = 0.002 and thickness t
= 1.58 mm with metallization on both sides. The two arms of the dipole antenna act as a
driver element which is fed from a microstrip through a two parallel strips transmission
line. The arms of the dipole are located at the end the transmission line, placed on each
face of the substrate in a complementary manner, which creates 1800 phase difference
between the arms, providing the correct feed to the antenna. To start with the design, the
length of the dipole needs to estimate, which must be about 0.5 λ0, where λ0 is the
wavelength in the medium [60]. In microstrip line case, the effective relative permittivity
is calculated from [61].
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where, εr is the relative permittivity of the substrate, t is its thickness and w is the
metallization width. In the present case the effective permittivity will be smaller, since
dipole is not printed over a ground plane. Nevertheless, we start with the above effective
relative permittivity. Therefore, at 3 GHz operating frequency and εr = 2.5, the driver
length, LDRI (from one side of the first arm to other side of the second arm) becomes 0.35
λ0. After some iteration process, the drive length is found to be 0.4 λ0. The width of the
dipole arm, WDRI is chosen approximately to be one-tenth of a wavelength based on
iteration process to achieve good radiation patterns and impedance bandwidth. The dipole
length and width are reciprocal that means if the width gets wider, the length becomes
shorter and if width is narrower, then the length will be longer.

(a)
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(b)

Fig. 4.1 Geometry and coordinate system of a microstrip dipole feed. The dipole-reflector, one of the
dipole arms and feed line is one side of the substrate. Another dipole arm and partial ground plane
are connected by a feed line and are other side of the substrate; (a) 3-D view (b) top view.

The metallization on the bottom plane is a truncated ground plane, and behaves like a
director element for the antenna. It is called a “truncated ground plane” because its width
WGP, perpendicular to the microstrip feed transmission line, is reduced to less than 4
times the width of the microstrip line. The length of the ground plane can be set to any
value as long as it matches with 50 Ω line.
The dipole-reflector is placed parasitically on the upper face of the substrate opposite
to the ground plane. The main goal of designing the dipole-reflector is to direct the
radiation backward, toward the microstrip feed line. Its length LREF is set slightly larger
than the driver length, LDRI similar to Yagi antenna case. As driver length LDRI is 0.4 λ0,
the dipole-reflector length LREF is selected as 0.45 λ0. The dipole-reflector width WREF is
chosen approximately to be one-tenth of a wavelength based on iteration process to
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achieve good radiation patterns and impedance bandwidth. The separation between the
driver element and dipole-reflector element is set approximately to one twentieth of the
wavelength. This selection is based on the coupling nature between the dipole-reflector
and the driver element. The major role of the dipole-reflector is played by the first
element, and very little in the performance of a Yagi antenna is gained if more than one
(at the most two) elements are used as dipole-reflectors.
Table 4.1 Design parameters of the microstrip dipole feed antenna shown in Fig. 4.1.
Antenna parameters

Values

Substrate Width , W

60 mm

Substrate Length, L

60 mm

Substrate Thickness, t
Substrate Dielectric

1.58 mm
εr= 2.5, tan δ= 0.002

Microstrip Feedline Width, WFEED

4.2 mm

Microstrip Feedline Length, LFEED

23 mm

Ground Plane Length, L2 + L3

10 mm + 7 mm

Ground Plane Width, WGP

16 mm

Ground Plane to Driver Distance, L1

6 mm

Dipole Width, WDRI

10 mm

Dipole Length, LTDRI or LBDRI

22.1 mm

Driver Length, LDRI

40 mm

Dipole-Reflector Length, LREF

45 mm

Dipole-Reflector Width, WREF

12 mm

Driver to Dipole-Reflector Distance, DDR

4 mm

The feeding structure consists of a microstrip line on one side of the substrate and a
truncated ground plane on the other side, both connecting to two arms of a parallel strip
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transmission line L1 that feeds the dipole, as shown in Fig. 4.1. Based on the substrate
thickness of 1.58 and relative permittivity 2.5, the width of the microstrip line is set to be
4.2 mm, for the characteristics impedance of 50 Ω over a ground plane. The length of the
microstrip line including transmission line is set to 0.23 λ0. The length of the microstrip
line should be selected to give an input/impedance of 50 Ω, to match that of feeding
microstrip line.
Using this simplified feeding structure, the length of the feed transmission line and
consequently, the feed losses are reduced. Although, the length should be carefully
selected as it affects the radiation patterns of the feed antenna.

4.2.2

Simulation Study of the Microstrip Dipole Feed

Based on the above discussion, the feed antenna is simulated by a finite element
method based on 3-D full wave simulator, Ansoft HFSS ver. 14 [62]. The design
parameters of the feed antenna given in Table 4.1 were selected after several simulations.
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Fig. 4.2 Simulated S11 of the microstrip dipole feed shown in Fig. 4.1.

4

4.2

Backward Microstrip Dipole Feeds

81

The simulated S11 of the antenna is shown in Fig. 4.2. The antenna is matched at 3
GHz frequency range and the -10 dB S11 bandwidth is from 2.78 GHz to 3.26 GHz, which
means impedance bandwidth of the antenna is 15.9%.

(a)

(b)

(c)
Fig. 4.3 Simulated surface current distribution of the microstrip dipole feed shown in Fig. 4.1 at
different frequencies; (a) 2.8 GHz, (b) 3.0 GHz, (c) 3.3 GHz.

To confirm the backward radiation mechanism, which requires higher gain in the
backward (θ = 00) than forward direction (θ = 1800), the simulated surface current
distributions are illustrated in Fig. 4.3. The surface currents on the dipole arms and
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dipole-reflector are in opposite directions at all three different frequencies, and as in Yagi
antennas their phase relationship results in the peak radiation away from the dipole-
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Fig. 4.4 Simulated radiation patterns of the microstrip dipole feed shown in Fig. 4.1 at different
frequencies; (a) 2.8 GHz, (b) 3.0 GHz, (c) 3.15 GHz and (d) 3.3 GHz.

The simulated radiation patterns of the feed antennas are shown in Fig. 4.4 for four
different frequencies. The antenna is radiating in the backward direction with the H-plane
pattern being wider than the E-plane pattern for all frequencies. The -10 dB beamwidth in
the H-plane is almost the same for all cases. In the E-plane, at lower frequencies the
beamwidth is not symmetric with respect to the radiation axis. As the frequency
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increases, the beamwidths become more symmetric. As a result, the cross-polarization
levels are improved at higher frequencies and at 3.3 GHz it is -14 dB compare to -11 dB
at 2.8 GHz. The back lobe level of the antenna is -20 dB at 3 GHz, which is the lowest
than other frequencies.
The main beam especially at the E-plane is not symmetric with respect to the Z-axis.
This could be a sign that the edges of the ground plane are radiating. A symmetric nature
of main beam could be found by changing the dipole arm lengths, which is discussed
later.

4.2.3

Effects of Various Parameters

In order to understand the influence of the input parameters on its impedance
bandwidth and radiation patterns, a detailed parametric study is carried out using the
finite element method based on 3-D full wave simulator, Ansoft HFSS ver. 14. There are
several parameters of the feed antenna which affect its impedance bandwidth and
radiation patterns. However, very few important parameters are selected for the study.

4.2.3.1

Effects
Effects of the Dipole Arms

In printed dipole antenna, the dipole arm length is determined by the operating
frequency of the antenna. The driver length which is the total length of the two dipole
arms from one end to another is set to 40 mm at 3 GHz, after some iteration. Since it is
determined by the operating frequency, the effect of varying driver length LDRI, on its S11
is shown in Fig. 4.5. With an increase in the driver length from 35 mm to 45 mm, the
center frequency is shifted from 3.5 GHz to 2.5 GHz. Therefore, the main design
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parameter of the antenna is its driver length. The radiation patterns of the antenna for
different lengths are almost the same at resonance frequency and therefore omitted from
the study.
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Fig. 4.5 Simulated S11 of the microstrip dipole feed shown in Fig. 4.1 with different driver length
LDRI; antenna parameters are given in Table 4.1.

The size variation of the dipole arm width has an effect on the impedance matching.
Fig. 4.6 (a) shows the effect of the dipole arm width on S11. The resonant frequency of
the antenna moves to a lower frequency, with the increase of the width, and S11 is high
when the width is too small (4 mm) or too large (16 mm). Therefore, the antenna is well
matched at its corresponding width of 8 mm. This can be explained using the plotted
Smith chart in Fig. 4.6 (b), corresponding to the input impedance of the antenna. At small
width, the frequency loop is large about the center of the Smith chart, which indicates the
antenna is far from 50 Ω. By increasing the width, the loop size is reduced but it moves
away from the center. At larger widths, the locus lies below the real axis. As the loop
goes further from the center point of the Smith chart, the antenna impedance become

4.2

Backward Microstrip Dipole Feeds

85

more reactive and is not well matched. Therefore, a good result is found when the size is
8 mm. The radiation patterns of the antenna for different widths are almost same at
resonance frequency and therefore omitted from the study.
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Fig. 4.6 Simulated S11 and Smith chart of the microstrip dipole feed shown in Fig. 4.1 with different
driver width WDRI; antenna parameters are shown in Table 4.1.(a) S11 (b) Smith chart.

4.2.3.2

Effects
Effects of the DipoleDipole-Reflector

The length of the dipole-reflector is slightly larger than the length of the driver
element. In order to examine the effects of varying the dipole-reflector length on various
antenna parameters, several simulations have been conducted. The radiation patterns of
the antenna are almost the same except the back lobe level which is slightly different, as
shown in Figs. 4.7 (a) and (b). For both planes, the back lobe level is less for small length
(42 mm), compared to the larger ones. Therefore, the best result in terms of the back lobe
level is found when the reflector length is slightly larger than the driver length. The S11 of
the antenna is almost the same for different dipole-reflector lengths. Therefore, they are
omitted from the study.
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Fig. 4.7 Simulated radiation patterns of the microstirp dipole feed at 3 GHz shown in Fig. 4.1 with
different reflector length LREF; antenna parameters are mentioned in Table 4.1. (a) E-plane pattern,
(b) H-plane pattern.
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Fig. 4.8 Simulated radiation patterns of the micostrip dipole feed at 3 GHz shown in Fig. 4.1 with
different reflector width WREF; antenna parameters are shown in Table 4.1. (a) E-plane pattern, (b)
H-plane pattern.

In order to examine the effects of varying the dipole-reflector width on various output
parameters, it is varied from 4 mm to 18 mm. The input impedance of the antenna is not
affected with the different dipole-reflector width and therefore is omitted from further
studies. The radiation patterns of the antenna for different width are almost the same,

4.2

Backward Microstrip Dipole Feeds

87

except the back lobe level, which is slightly different, as shown in Figs. 4.8 (a) and (b).
For both E- and H-plane patterns, the back lobe level is decreased when the width is
increased. Therefore, to get a higher front to back ratio, we can increase the width of the
dipole-reflector without deteriorating the impedance matching of the antenna.

4.2.3.3

Effect of the Gap between Dipole Arms and DipoleDipole-Reflector

The gap between dipole arms and the dipole-reflector is also important for this type of
antennas, as it affects the impedance matching. Fig. 4.9 (a) shows the effect of the gap
between the driver (dipole arms) and dipole-reflector, on its S11. When the gap is small,
the antenna is matched at -10 dB point. If the gap is increased, matching of the antenna is
decreased and at one stage, when the gap is too large, the central frequency shifts slightly
to a lower frequency, with a higher S11. Fig. 4.9 (b) shows the Smith chart corresponding
to the input impedance of the antenna. When gap is small the frequency loop is just
passed the center point of the Smith chart, indicating a good match with 50 Ω. With the
increase of the gaps the loops becomes small but away from the center point of the Smith
chart. This indicates that the reactive portion of the input impedance is large and thus
shows poor matching. Therefore, if we reduce the reactive portion of the input
impedance, the loop will encircle the center point of the Smith chart and will be matched
with 50 Ω. The radiation patterns of the feed for this case are omitted, as they show little
effects with the gap.
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Fig. 4.9 Simulated S11 and Smith chart of the microstrip dipole feed shown in Fig. 4.1 with different
driver and dipole-reflector distance DDR; antenna parameters are mentioned in Table 4.1. (a) S11, (b)
Smith chart.

4.2.3.4

Effect of the Transmission Line

The length of the transmission line is set as 23 mm after several iteration processes.
The reason for selecting this transmission length is that if the length is too small, it will
reduce the distance between ground plane and dipole arms. If the ground plane is too
close to the radiating element it diffracts the field, causing asymmetrical radiation pattern.
On the other hand, if the length is too large, then the transmission line will radiate more
energy, which ultimately affects the radiation patterns and it will also increase the back
lobe level of the antenna. If the length is too long, side lobe will appear and that is
undesirable as a feed antenna. Therefore, the length of the transmission line should be set
somewhere between these two regions. Figs. 4.10 (a) and (b) show the E- and H-plane
radiation patterns for four different cases. These figures show that the back lobe level is
lower for smaller transmission line length and it increases with the increase of the length.
On the other hand, if the length is larger, then the pattern symmetry is achieved in the E-
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plane. In the H-plane case, the pattern symmetry is independent of the transmission line
length. The transmission line length also affects the side lobe level of the radiation
patterns. If the length is large, the side lobe level in the H-plane pattern appears.
Therefore, it is necessary to select appropriate length of the transmission line so that it
will fulfills all the necessary requirements of the feed antenna. The S11 of this case is
omitted as it has little effect on antenna matching.
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Fig. 4.10 Simulated radiation patterns of the micostrip dipole feed at 3 GHz shown in Fig. 4.1 with
different transmission line length LFEED; antenna parameters are shown in Table 4.1. (a) E-plane
pattern, (b) H-plane pattern.

4.2.3.5

Effect of the Ground Plane

In this antenna design process, the ground plane is located on one side of the substrate
and acts like a director element, similar to Yagi-Uda antenna case. The length of the
ground plane is smaller than the length of the transmission line. The width of the ground
plane is smaller than the driver element and is selected by the iteration process. The
ground plane has a tapered shape on one side, because of its smooth transition to the
transmission line. Fig. 4.11 (a) shows the effect of the ground plane, on its S11. The figure
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shows that a lower S11 is achievable when the ground plane is much smaller than the
driver element, which is also verified by the Smith chart in Fig. 4.11 (b). When the
ground plane width is large, the frequency loop is at the center of the Smith chart with a
large loop. That indicates a poor matching to 50 Ω around 3 GHz. However, if we
decrease the width, the loop becomes smaller with a slight shift from the center of the
Smith chart. This indicates that feed matches with 50 Ω at the center frequency.
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Fig. 4.11 Effect of varying the ground plane width WGP of the microstrip dipole feed shown in Table
4.1; antenna parameters are shown in Table 4.1. (a) S11, (b) Smith chart, (c) E-plane pattern, (d) Hplane pattern.
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The radiation patterns of the antenna for this case are shown in Figs. 4.11 (c) and (d)
at the center frequency of 3 GHz. At the E-plane, pattern symmetry is possible when the
width of the ground plane is 12 mm compared to 36 mm. The H-plane patterns remain
the same for most of the cases. Therefore, it is better to keep the width of the ground
plane, 3 to 4 times that of the feed line.

4.2.4

Phase Center of the Microstrip Dipole Feed

In prime focus reflector antennas, the feed is located at the focal point and the phase
center of the feed coincides with that point. Therefore, it is necessary to know precisely
the phase center of the feed antenna. In the printed dipole antenna radiations are in the zdirection with an end-fire radiation characteristics. Therefore, the phase center locations
of these types of antennas are on the Z-axis.
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Fig. 4.12 Phase variations of the microtrip dipole feed shown in Fig. 4.1 with angle θ = 700, when the
co-ordinate origin is 27 mm from the co-axial feed point.
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In order to determine the phase center location, we need to know the phase variations
of the feed antenna, which is shown in Fig. 4.12 with aperture angle of 700, when the coordinate origin is 27 mm from the co-axial feed point. The phase variations for the E- and
H-planes are different and not symmetric with respect to the axis. Hence, the phase center
locations for the E- and H-planes are different for each plane. Furthermore, the E- and Hplane phases are not constant with aperture angle that means the phase center locations
are not at the initial point. Therefore, the combined phase center location, which is
calculated based on the optimum phase variations of the E- and H-plane, is also outside
the initial point.
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Fig. 4.13 Phase center location of the microstrip dipole feed shown in Fig. 4.1 with minimum phase
variations. Original location d = 0 is at 27 mm from the co-axial feed point. (a) with aperture angle,
(b) phase center location in the geometry.

Fig. 4.13 (a) shows the E-plane, the H-plane and the combined phase center locations
of the feed antenna, which are indicated as dE, dH and dC, respectively. In this figure, d =
0 indicates the phase center location is 27 mm away from the feed point (Fig. 4.13 (b)). A
positive d means that the phase center is toward the dipole-reflector, and negative d
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indicates that it is toward the feed point. The dE varies with aperture angle and at 00
aperture angle, it is -6 mm away from d = 0 and at higher aperture angle, it is toward the
feed point. However, dH is 1 mm away from d = 0 and almost constant with aperture
angle. The dc is -3 mm away from d = 0, at 700 aperture angle.

4.2.5

Performance of the Microstrip Dipole Feed

To evaluate the performance of the microstrip dipole feed with reflectors, the data on
the gain factor, the spillover & the illumination efficiency must be known. These data are
calculated for the center frequency at 3 GHz and shown in Fig. 4.14. The figure shows
that when the aperture angle varies from 00 to 900, the spillover efficiency increases and
the illumination efficiency decreases as expected. The maximum gain factor of 69.2% is
found, when the aperture angle is 780 and the overall gain factor varies from 0 to 69.2
percent, which is reasonable for a reflector feed.
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Fig. 4.14 Spillover efficiency, illumination efficiency and gain factor of the microstrp dipole feed
shown in Fig. 4.1; all parameters are listed in Table 4.1.
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The performance of the feed with two other frequencies is also investigated. Table 4.2
summaries the gain factor, the spillover, and the illumination efficiencies for three
different frequencies at 2.8 GHz, 3 GHz and 3.15 GHz, respectively. The gain factors of
these three different frequencies are found 73%, 69.2% and 65.7%, respectively, which
gradually decreases with increasing frequency. Therefore, the feed parameters are very
stable with frequency, in terms of the gain factor. The phase center location dc for these
frequencies are 22 mm, 23 mm and 23 mm, respectively, from the feed point toward the
z-axis (Fig. 4.13(b)), which confirms the phase center stability of the feed.
Table 4.2 Performance of the microstrip dipole feed for three different frequencies; all parameters
are shown in Table 4.1.
Frequency

2.8 GHz
0

3.0 GHz

3.15 GHz

0

780

θ0

80

ηs

86.9 %

85.3 %

82.4 %

ηi

86.0 %

85.5 %

86.0 %

ηg

73.0 %

69.2 %

65.7 %

dc

22 mm

23 mm

23 mm

78

where,
θ0 = aperture angle at which gain factor is maximum,
ηs = maximum spillover efficiency at θ0,
ηi = maximum illumination efficiency at θ0,
ηg = maximum gain factor at θ0,
dc = phase center location from co-axial feed point toward z-axis

4.2.6

Experimental Verification of the Dipole Feed

To validate the design of the simulated feed antenna, one antenna was fabricated on
an Arlon Diclad substrate with a thickness of 1.58 mm, dielectric constant of 2.5, loss
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tangent (tan δ) of 0.002, and an area of 60 T 60 mm2 with the parameters shown in Table
4.1. The fabricated feed antenna is shown in Fig. 4.15.

(a) Top view

(b) Bottom view

Fig. 4.15 The fabricated microstrip dipole feed. Antenna parameters are given in Table 4.1.

4.2.6.1

Measurement Results for Dipole Feed

Fig. 4.16 shows the HFSS simulated S11 of the antenna in solid line, the measured S11
is in dot line. From the figure it is observed that for HFSS simulated -10dB S11 bandwidth
is from 2.78 GHz to 3.26 GHz, which means the impedance bandwidth is 15.9%. The
measured -10 dB S11 bandwidth is from 2.81 GHz to 3.27 GHz, which means the
impedance bandwidth is 15.1%. Therefore, for all cases S11 is very close to each other
which show a very good matching at 3 GHz range and that validate the design of the
antenna.
The measured results for the E- and H-plane radiation patterns of the feed have not
been included because of the back radiation properties of the feed. With this feed, the
supporting rod that mounts it on a parabolic reflector is illuminated by the feed, causing
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scattering. In this study the supporting rod was a semi-flexible cable with an SMA
connector, as described later in the experimental study. Simulation studies were also done
with this support structure connected to the feed, and compared with those of the feed
alone. The difference between the two was found to be negligibly small, and did not
affect the reflector antenna performance noticeably, and omitted here for brevity.
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Fig. 4.16 Simulated and measured S11 of the microstrip dipole feed. Antenna parameters are
mentioned in Table 4.1.

4.2.6.2

Feed Performance with Reflector

The performance of the feed on a parabolic reflector antenna is investigated following
the established methods in [33] and [63]. The results for the gain factor, i.e. the overall
efficiency, of the reflector are shown in Fig. 4.17, which excludes all the losses. It
indicates a peak efficiency of 78% with a reflector having an aperture angle of 67.50,
corresponding to an f/D of 0.375. This should be compared with 82% efficiency of
theoretical feeds, as discussed in [33]. Fig. 4.17 also shows that the feed efficiency drops
to 65%, for a deeper reflector with f/D = 0.25, or the aperture angle of 900.
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Fig. 4.17 Computed feed efficiency of a symmetrical parabolic reflector as a function of its subtended
angle. The efficiency is calculated using the feed radiation patterns at 3.06 GHz.

Fig. 4.18 The microstrip fed printed dipole on a 45 cm reflector with a focal length of 11.25 cm. The
feed is connected to a semi rigid coaxial cable RG 402 and is mounted centrally on the reflector by
foam.

In the antenna laboratory a small 45 cm parabolic reflector was available, which had
an f/D of 0.25. Its focal length was 11.25 cm, which is slightly larger than one
wavelength at 3 GHz. The dipole feed was connected to an RG 402 semi rigid cable with
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an outer diameter of 3.6 mm, and mounted on the reflector through a central hole on the
parabolic reflector without any strut support, as shown in Fig. 4.18.
The measured gain pattern of the reflector is shown in Fig. 4.19 from 2.7 GHz to 3.3
GHz. It shows that the gain is constantly increasing with frequency and then drops down,
although it has small variation with frequency. This may be due to the reflector-feed
resonance with frequency. Therefore, we draw a best fit line, which shows the gain is
monotonically increasing with the frequency.
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Fig. 4.19 Measured gain variation with frequency of a 45 cm reflector antenna with the microstrip
dipole feed.

The measured radiation patterns of the reflector are shown in Fig. 4.20, indicating a
gain of 20.2 dBi at 3.06 GHz, which includes the feed mismatch and external feed line
losses. This corresponds to an overall efficiency of 50.3%.

4.2

Backward Microstrip Dipole Feeds

99

25
20

gain (dBi)

10
0
-10
-20

E-plane (φ=900)

-30

H-plane (φ=00)

-40
-120 -90

cross-pol (φ=450)
-30
0
30 60
angle θ (deg)

-60

90

120

Fig. 4.20 Measured radiation patterns of the reflector at 3.06 GHz. Reflector diameter and focal
lengths are 45 mm, and 11.25 cm respectively. Feed parameters are listed in Table 4.1.
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Fig. 4.21 The measured S11 of the dipole feed when mounted on the reflector; (a) measurement setup,
(b) S11.

To calculate the mismatch loss, the S11 of the feed antenna was also measured with
the 45 cm reflector antenna and the measurement setup is shown in Fig. 4.21 (a). In the
measurement, the feed phase center is located at the focal point of the reflector. Fig. 4.21
(b) shows the measured S11 of the feed antenna with the reflector. From the figure it is
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observed that -10 dB S11 bandwidth is from 2.94 GHz to 3.21 GHz. At 3.06 GHz S11 is 14 dB, which corresponds to 0.20 dB mismatch loss.
Excluding the losses the actual reflector gain increases to 20.4 dBi, which
corresponds to an efficiency of 55%, at the feed input after the SMA connector. Thus,
compared to Fig. 4.17, the measured efficiency is lower than the calculated efficiency of
65%, by about 10%. This difference can be attributed to a few factors, inherent in the
feed and measurement. The microstrip feed has metallization and dielectric losses, which
were calculated to be about 0.3 dB. The feed line also radiates the cross-polarized field,
which is not included in the measured gain. In addition, the reflector focal length of 1.125
λ0 is too small at 3.06 GHz. Thus the reflector is at the near field distance of the feed,
causing some phase errors. Table 4.3 shows the analysis of the reflector gain, and
magnitude of various losses.
Table 4.3 Gain, losses and efficiency of the microstrip dipole feed with the 45 cm reflector at three
different frequencies.
2.82 GHz

3.06 GHz

3.2 GHz

Measured Gain

19.2 dBi

20.2 dBi

20.1 dBi

Mismatch Loss

0.65 dB

0.20 dB

0.45 dB

Coaxial Cable Loss

0.15 dB

0.20 dB

0.25 dB

Gain at Feed Input

20.0 dBi

20.4 dBi

20.8 dBi

Antenna Efficiency

57%

55%

53%

Finally, it should be noted that we have verified the feed performance on a deep dish
with an f/D of 0.25, which from Fig. 4.17 gives a theoretical efficiency of 65%. To
improve the efficiency we either need a reflector with f/D of 0.375, which from Fig. 4.17
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gives a higher efficiency of 78%. Or, use an appropriate reflector with an elliptical
aperture shape.

4.3

Improvement of the Dipole Feed Performance

The microstrip dipole feeds discussed in the previous sections suffer narrow
impedance bandwidth. In addition, the antenna suffers pattern asymmetry in the principal
planes. Therefore, performance improvements are necessary for these two cases. They are
achieved by adjusting its parameters as discussed below.

4.3.1

Broadening Impedance Bandwidth

The microstrip antennas suffer usually narrow impedance bandwidth and therefore,
their applications in many systems are impeded by this bandwidth [64]. Therefore, it is
necessary to improve the impedance bandwidth of the antennas. Generally the bandwidth
of the antenna can be increased by lowering the Q factor. This can be achieved by some
of the techniques like electrically thick elements [65], stacked multipatch, multilayer
elements [66], multiple-resonator elements [67]-[68], which already addressed in the
literature. All of these techniques improve the bandwidth, although they also increase
complexity and/or enlarged the size of the radiating structure, or disturb the radiation
patterns, thus creating new problems. Therefore, the simplest techniques that is used for
broadening impedance bandwidth without disturbing the radiation patterns is to use the
impedance matching at the feed point of the antennas [69]. In the following paragraph we
discuss this technique to improve the impedance bandwidth of the antennas.
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Fig. 4.22 Modified microstrip feed line for broadening impedance bandwidth; WFEED = 4.2 mm, WF1
= 1 mm, LFEED = 53 mm, LF1 = 10 mm, LF2 = 33 mm.

The impedance bandwidth of the original antenna was about 15.9%. To improve its
impedance bandwidth, the microstrip feed line was carefully modified so that its
impedance is matched with the dipole arms. Fig. 4.22 shows the layout of the modified
microstrip feed line. In the original dipole design, one side of the microstrip feed line was
connected to the SMA connector of the coaxial cable, whose characteristics impedance
was 50 Ω. The other side of the microstrip feed line was connected to the dipole arms
whose characteristics impedance was higher than 50 Ω. In the modified design, the width
and length of the microstrip line were modified so that its impedance matched that of the
dipole arms. In the original design, the entire width of the microstrip line WFEED was set
at 4.2 mm, based on the characteristic impedance of 50 Ω. In this modified design, the
microstrip line has two parts. The first part, which is connected to the SMA connector of
the co-axial cable, has a length LFI and width WFEED of 10 mm and 4.2 mm, respectively,
for the characteristics impedance of 50 Ω. The second part, which is connected to the
dipole arms has a length LF2 and width WFI of 33 mm and 1 mm, respectively, and acts as
an impedance transformer to match the characteristic impedance to that of the dipole
arms. The width of the transmission line, which is connected between the ground plane
and other dipole arm is also modified and set to 1 mm.
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Fig. 4.23 Broadband microstrip dipole feed with modified feed line. All parameters are shown in
Table 4.1 except dipole arm length LTDRI = LBDRI = 20.5 mm and feed line is shown in Fig. 4.22. (a)
geometry, (b) S11, (c) Smith chart.

The antenna geometry is shown in Fig. 4.23 (a) and simulated by Ansoft HFSS ver.
14 [70]. All parameters except the substrate size of the feed antenna are the same as
shown in Table 4.1. As the feed line LFEED is increased to 53 mm, the substrate size is
also changed and the dimensions are now 50 mm by 70 mm. The substrate is cut and
tapered in the direction of radiation. It is observed that shaping the substrate has no effect
on the radiation and input impedance of the antenna. Fig. 4.23 (b) compares the simulated
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S11 of the antenna for two different cases. For the modified feed line case, the -10 dB S11
bandwidth is from 2.85 to 3.82 GHz, which is 29.1% impedance bandwidth compared to
15.9%, in the original feed line case. Therefore, it is 13.2% higher than the previous case.
Fig. 4.23 (c) shows the Smith chart corresponding to the input impedance of the two
cases. For the modified feed line case, the matching section has moved the impedance
loop to the centre of Smith chart, so the entire loop is within a constant S11 ≤ -10 dB,
indicating a broadband S11. The E- and H-plane radiation patterns are unchanged with the
modified feed line and therefore are omitted for brevity.

4.3.1.1

Broadband Dipole Feed Evaluation

(a)

(b)

Fig. 4.24 The fabricated broadband microstrip dipole feed. All parameters are mentioned in Table
4.1 and figure 4.23; (a) top view, (b) bottom view.

The broadband microstrip fed printed dipole antenna was also fabricated in the
laboratory on an Arlon Diclad substrate with a thickness of 1.58 mm, dielectric constant
of 2.5, (tan δ) of 0.002, and an area of 50 T 70 mm2. All the parameters were selected
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based on Table 4.1 and Fig. 4.24. The top and bottom view of the fabricated feed antenna
are shown in Fig. 4.24 (a) and (b) respectively.
Fig. 4.25 shows the simulated and measured S11 of the modified feed antenna. The
figure shows that simulated -10 dB S11 bandwidth is from 2.85 to 3.82 GHz and
measured -10 dB S11 bandwidth is from 2.9 to 3.8 GHz. The measured S11 is slightly
lower than the simulated S11, however they almost match with each other. The measured
results for the E- and H-plane radiation patterns of the feed are not included, because of
the back radiation properties of the feed.
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Fig. 4.25 Simulated and measured S11 of the broadband microstrip dipole feed.

4.3.1.2

Measurement of the Broadband Feed with Reflector
Reflector

The new feed antenna was also measured with the 45 cm reflector of f/D = 0.25,
available in the laboratory. The measurement setup was the same as described in 4.2.6.2.
The gain patterns of the feed antenna are shown in the Fig. 4.26, where the solid line
shows the original gain and the dashed line shows the best fit case. The gain is increasing
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with frequency like the previous case and at 3.08 GHz the gain of the antenna is 20.1 dBi,
which is almost the same as the original feed antenna case.
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Fig. 4.26 Measured gain of the 45 cm reflector with the broadband microstrip dipole feed, at
different frequencies.
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Fig. 4.27 Measured radiation pattern at 3.08 GHz of the 45 cm reflector with the broadband
microstrip dipole feed.

The radiation pattern of the reflector with this feed is shown in Fig. 4.27 at 3.08 GHz
which includes the feed mismatch and external feed line losses. To calculate the
mismatch loss, the feed antenna is also measured with the 45 cm reflector antenna. Fig.
4.28 shows the measured S11 of the reflector, where the impedance bandwidth is from 2.8
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GHz to 3.47 GHz. At 3.08 GHz S11 is -16 dB which corresponds to 0.11 dB mismatch
loss. The co-axial cable loss is 0.2 dB, which is the same as previous cases. The total gain
at input is 20.4 dB at 3.08 GHz. Therefore, the efficiency of the antenna including the
mismatch and co-axial cable loss is 53%.
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Fig. 4.28 Measured S11 of the broadband microstrip dipole feed on the 45 cm reflector.

4.3.2

Improving Dipole Pattern Symmetry

The original antenna geometry was symmetric about the x-z plane, which should give
symmetrical E-plane radiation patterns. However with the presence of the transmission
line, the co-polarization patterns of the antenna are not symmetric at the principal planes,
which also cause higher cross-polarizations at the 450 plane. To improve the E-plane
pattern symmetry for co-polarization, the lengths of the dipole arms are made unequal,
but keeping the director length LDRI the same. Using this technique, a good pattern
symmetry is found for co-polarization patterns, which also improves the crosspolarization level at 450 plane. This technique is a useful solution, and does not change
the overall structure of the antenna.
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Fig. 4.29 (a) shows the left and right dipole arms, with unequal lengths, connected
through the microstrip line. The width of the dipole arms is the same as the original case.
With the change of the dipole arm lengths, now the symmetry about the XZ-plane is
slightly changed and the center point of the dipole-reflector is also adjusted accordingly.
The radiation patterns of the modified antenna at 3 GHz are shown in Fig. 4.29 (b). As
shown in the figure, the E- and H-plane co-polar patterns are more symmetrical compared
to the original case. The cross-polarization level is also lower than the original case and it
is -15.6 dB at 450 plane, which is about -2.4 dB improvement from the original case. The
S11 is unchanged with this case and therefore omitted for brevity.
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Fig. 4.29 Unequal arm micorstrip dipole feed. Antenna parameters are mentioned in Table 4.1,
except LTDRI = 24.6 mm and LBDRI = 19.6 mm; (a) geometry, (b) radiation pattern at 3 GHz.

4.4

Effects of Substrate Parameters on Dipole Feed

So far in the design process, the substrate thickness t and the substrate dielectric
constant εr were kept constant. However, they are important in the design process as the
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dipole arm length and feed line width are dependent on them. In the following subsection we briefly explain the effects of these two parameters.

4.4.1

Effects of the Substrate Thickness

The substrate thickness is an important parameter in designing the dipole feed
antenna. The feed line width is changed with the change of the substrate thickness. For
the same dielectric constant of 2.5, at thicknesses t = 0.64 mm, 1.58 mm and 3 mm, the
transmission line widths are 1.82 mm, 4.2 mm and 8.51 mm, respectively.
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Fig. 4.30 Simulated S11 of the microstrip dipole feed shown in Fig. 4.1 with different substrate
thickness t; other antenna parameters are listed in Table 4.1.

Fig. 4.30 shows the S11 of the antenna for these three different substrate thicknesses.
At t = 0.64 mm, 1.58 mm and 3 mm, the operating frequencies are 3.3 GHz, 3 GHz and
2.8 GHz respectively. Therefore, the substrate thickness not only changes the width of the
feed line, but it also changes the operating frequency of the antenna. From the figure, it is
observed that for a higher substrate thickness, the operating frequency is lower. That
means for the same operating frequency, the dipole arms is short at high substrate
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thickness. Thus the overall antenna size becomes small at large substrate thicknesses. The
radiation patterns are omitted in this study, because they are not changed much by
changing the substrate height.

4.4.2

Effects of the Dielectric Constant

The Substrate dielectric constant is another important parameter in designing the feed
antenna. The feed line width changes with the change of the dielectric constant. For the
same substrate thickness of 1.58 mm, the dielectric constants of εr = 2.5, 6.15 and 10.2,
the line widths are 4.2 mm, 1.56 mm and 1.41 mm, respectively. Fig. 4.31 shows the S11
of the antenna for these three different dielectric constants. When εr =10.2, 6.15, and 2.5,
the operating frequencies are 2.1 GHz, 2.5 GHz and 3 GHz, respectively. Therefore, the
substrate dielectric constant not only changes the width of the feed line, it also changes
the operating frequency of the antenna. From the figure, it is observed that for higher
dielectric constant, the operating frequency is lower. That means for the same operating
frequency, when εr is high the dipole arms are short. Thus the overall antenna size
becomes small at high εr. The radiation patterns are omitted in this study for brevity as
they remain almost the same.
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Fig. 4.31 Simulated S11 of the microstrip dipole feed mentioned in Fig. 4.1 with different dielectric
constant εr; other antenna parameters are listed in Table 4.1.

4.5

Size Reduction of the Microstrip Dipole Feed

The size reduction of a feed antenna is important for the performance improvement of
the reflector. It is especially true for prime focus reflectors where the feed is located at
the focal point, which increases the reflector blockage, reduces the gain, and increases the
side lobe level. Many methods have been used to miniaturize the antennas. One of the
easiest ways to reduce the wavelength and thus the physical size of the feed antenna is to
use the high dielectric constant substrates, which was shown in the previous section. It
reduces the effective wavelength which in turn, shortens the dipole arm length. However,
the high dielectric constants have the drawbacks of exciting the surface waves, causing a
narrow bandwidth and low radiation efficiency [71]-[72]. The bandwidth can be
improved by increasing the thickness of the substrate at the expense of increased surfacewave loss, but it contradicts with the philosophy of the antenna miniaturization.
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The other technique that is used for antenna miniaturization without deteriorating the
bandwidth is to use the magneto-dielectric materials [73] or artificial left-handed metamaterials [74]. Although, these techniques are used for antenna miniaturization, they are
expensive to implement.
Another antenna miniaturization technique is to modify the geometry and shape to
increase the electrical length. One of its examples is to insert slots into the patches and
these slots force the surface currents to meander, thus artificially increasing the antenna’s
electrical length and reduce the size of the antenna. By meandering the path of the
currents, so that the electrical length increases, is another example of antenna
miniaturization [75]. These techniques are very simple to implement but often are
frequency sensitive. Thus, the antenna bandwidth of these miniaturized antennas becomes
less than that of the standard antenna. However, the advantage of these techniques is that
they are very easy to implement.
In this section, we simulate and design miniaturized dipole feed antennas by
modifying the antenna geometry using two different techniques. In the first method, slits
are placed in the dipole arms to enhance the electrical length and reduce the physical
length of the dipole arms and accordingly reduce the size of the overall feed antenna. The
second method is to change the shape of the dipole arms and extend the length of the arm
vertically on its edge. It reduces the dipole arms horizontally and increases the electrical
length and hence reduces the size of the antenna. Finally, we will further reduce the size
of the antenna by combining these two techniques.
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Loading Slits on the Dipole Arms

A simple technique of the size reduction of a microstrip dipole antenna is to load slits
on the dipole arms. Initially a single slit is placed in the dipole arm of the antenna for this
purpose. The size and position of the slit is important as it determines the input
impedance and also the shape of the radiation patterns. Fig. 4.32 shows the dimension
and position of the slit in the dipole arms. The slit width S1w and depth S1d are 1 mm and
8 mm respectively and it is g1 = 4 mm away from the edge of the dipole arm. As a single
slit is used in the dipole arms, its length LTDRI and LBDRI is reduced. The position and
selection of the slit is based on the optimization of the parameters.

Fig. 4.32 Single slit in the dipole arm; LTDRI = LBDRI = 17.5 mm, WDRI = 10 mm, S1W = 1 mm, S1d = 8
mm, g1 = 4 mm.

Fig. 4.33 (a) shows the 3-D view of the antenna. All other parameters, except the
dipole arms and transmission line are shown in Table 4.1. The dipole arms are designed
based on Fig. 4.32.

The transmission line width is modified to improve the input

impedance of the antenna, which is explained in section 4.3.1. The shape of the dipolereflector is slightly changed with vertical extension on each side to improve the radiation
characteristics of the feed. The length and width of the extensions are 2 mm and 2 mm,
respectively. As the length of the dipole arms are shortened by the introduction of the slit,
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the length of the dipole-reflector is also shortened accordingly and selected as 40 mm.
The original dipole-reflector length was 45 mm. Thus, 11.1% size reduction is achieved
with this technique.
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Fig. 4.33 The microstrip dipole feed with a single pair of slits at dipole arms. All parameters are
shown in Table 4.1 except dipole arms which are shown in Fig. 4.32; (a) geometry, (b) S11, (c)
radiation patterns at 3 GHz.

The S11 of the antenna is shown in Fig. 4.33 (b). This figure shows that for the
reduced dipole length the antenna is resonance at 3 GHz and its -10 dB S11 bandwidth is
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from 2.72 GHz to 3.6 GHz. The simulated radiation patterns of the antenna at 3 GHz are
shown in Fig. 4.33 (c). The E- and H-plane radiation patterns show excellent radiation
characteristics with the H-plane pattern being broader than the E-plane pattern. The
cross-polarization at 450 plane and back lobe level are -13 dB and -15 dB, respectively.
The overall length of the antenna can be further reduced by introduction of additional
slits in the dipole arms. The number and position of the slits depend on the input
impedance and radiation characteristics of the antenna. It may be mentioned that the more
the slits in the dipole arms, the more the size reduction. However, the radiation efficiency
of an antenna drops with the miniaturization of the antenna. Therefore, it is necessary to
calculate the radiation efficiency of the miniaturized feed antenna for different pair of
slits. The radiation efficiencies of the miniaturized dipole feed antennas for different pair
of slits is shown in Table 4.4. The radiation efficiency of the original feed antenna is
95.02%, whereas, for a single, two, three and four pair of slits cases, the efficiency
reduces to 94.66%, 94.43%, 93.90% and 92.62%, respectively. Therefore, it decreases
with increasing the pair of slits. However, for all cases the radiation efficiency is higher
than 90%, which is excellent for a feed antenna.

Table 4.4 Effect of size reduction on the radiation efficiency of miniaturized microtrip dipole feed
with different pair of slits in the dipole arms.
Driver length
LDRI, mm

Dipole-reflector length
LREF, mm

Radiation efficiency
%

Original

40 mm

45 mm

95.02%

Single pair slits

36 mm

40 mm

94.66%

Double pair slits

32 mm

38 mm

94.43%

Triple pair slits

29 mm

36 mm

93.90%

Fourth pair slits

26 mm

34 mm

92.62%
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Changing Shapes of the Dipole Arms

Another method for the size reduction of the microstrip dipole feed is to change the
shape of the dipole arms. For the microstrip dipole antenna, the dipole arm length is
slightly less than quarter wavelength. However, the dipole length can be shortened by
extending arm vertically in two sides so that it looks like a T-shape, from the side. By
chaning the dipole arms in two sides, the current distribution within the dipole arms is
changed so that, the electrical length is increased and thus the size reduction is achieved.

Fig. 4.34 The dipole arm with transverse extension; LTDRI = LBDRI = 17.5 mm, WDRI = 10 mm, vrd = 4
mm, vrw = 1 mm.

Fig. 4.34 shows the design of a dipole arms with vertical extension at its far end. The
figure shows that the width of the vertical extension vrw is 1 mm and extended depth vrd
is 4 mm and the overall length of the dipole arm LTDRI = LBDRI is 17.5 mm, which is 3
mm shorter than the original dipole arm length of 20.5 mm.
Fig. 4.35 (a) shows the top view of the antenna by changing the dipole arms. The
dipole-reflector length LREF is also changed accordingly and it is selected now 40 mm.
The original dipole-reflector length was 45 mm. Thus, 11.1% size reduction is achieved
with this technique. The shape of the dipole-reflector is slightly changed with vertical
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extension on each side to improve the radiation characteristics of the feed. The length and
width of the extension are 2 mm by 2 mm, respectively. The transmission line width is
also changed to increase the input impedance bandwidth of the antenna.

(a)
0

-5

-5
relative power (dB)

0

S11 (dB)

-10
-15
-20

-10
-15
-20

-25

-25

-30
2

-30
-180 -135 -90

2.5

3
frequency (GHz)

(b)

3.5

4

E-plane (φ = 900)
H-plane (φ = 00)
crosspol (φ = 450)
-45
0
45
angle θ (deg)

90

135 180

(c)

Fig. 4.35 The microstrip dipole feed with horizontal T-shape dipole arm. All parameters are shown in
Table 4.1 except the dipole arms which are shown Fig. 4.34. (a) geometry, (b) S11, (c) radiation
pattern at 3 GHz.

Fig. 4.35 (b) shows the S11 of the antenna in this case. The -10 dB S11 bandwidth is
from 2.62 GHz to 3.72 GHz and the antenna is well matched at 3 GHz frequency range.
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Fig. 4.35 (c) shows the radiation pattern of the antenna at 3 GHz. The E- and H-plane
radiation patterns show good radiation characteristics with the H-plane pattern being
wider than the E-plane pattern. The cross-polarization level at 450 is -12 dB, and is not
symmetric with respect to the axis. The back lobe level of the feed is -23 dB, which is
better than the previous case.

4.5.3

Loading Slits on the Shaped Dipole Arms

By combining the above two methods, further size reduction is possible for the
microstrip dipole feed antenna [76]. For this reason, double pair of slits is loaded in the
horizontal T-shaped dipole arms. The selection of double pair of slits is based on
optimum radiation efficiency, as we know that radiation efficiency of the antenna is
reduced with the size reduction.
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Fig. 4.36 The miniaturized microstrip dipole feed with horizontal T-shape dipole arms with slits. All
parameters are shown in Table 4.1 except the dipole arms; (a) geometry, (b) S11.
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The width and depth of the slits are 1 mm and 8 mm, respectively and they are
located 9 mm and 4 mm away from the feed line, which is shown in the figure 4.36. The
position of the slits is important as it changes the input impedance characteristics and also
the radiation patterns of the antenna. Introducing slits in the horizontal T shaped dipole
arms, changes the current distribution on the surface of the arms, which is forced to
follow a meander route. Thus, the electrical length of the antenna is increased while its
physical length is decreased. Therefore, at 3 GHz resonance frequency, the driver length
LDRI is reduced to 26 mm. As the dipole arms length is reduced, the dipole-reflector
length LREF is also reduced, which is 36 mm. The original dipole-reflector length was 45
mm. Thus, 20% size reduction is achieved with this technique. The transmission line
width is modified to improve the input impedance of the antenna, which is explained in
section 4.3.1. All other parameters are same as the original antenna case (Table 4.1). The
S11 of the feed antenna are shown in Fig. 4.36 (b). It is noted that the S11 at -10 dB point
is from 2.86 GHz to 3.8 GHz that means the impedance bandwidth is 28.2%.
The simulated radiation patterns of the proposed antenna for four different
frequencies are illustrated in Fig. 4.37. The H-plane radiation patterns are almost the
same for all cases. The E-plane patterns are more symmetrical at higher frequencies than
the lower frequencies. The cross-polarization level increases but the back lobe level
decreases with frequency. Altogether the feed shows good radiation characteristics in the
frequency band.
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Fig. 4.37 Radiation patterns of the miniaturized micostrip dipole antenna shown in Fig. 4.36 at
different frequencies; (a) 2.85 GHz, (b) 3 GHz, (c) 3.15 GHz, (d) 3.3 GHz.

4.5.4

Experimental Verification of Miniaturized Feed

The miniaturized microstrip dipole feed antenna was fabricated in the laboratory on
an Arlon Diclad substrate with a thickness of 1.58 mm, dielectric constant of 2.5, loss
tangent (tan δ) of 0.002, and an area of 40 T 60 mm2. All its parameters were selected
based on Table 4.1 and previous discussions. Fig. 4.38 shows the top and bottom view of
the fabricated antenna.
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(b)

Fig. 4.38 The fabricated miniaturized microstrip dipole feed. All antenna parameters
param
are selected
base on section 4.5.3. (a) top view, (b) bottom view.

The simulated and measured S11 of the miniaturized feed antenna are shown in Fig.
4.39. The results show that the measured -10 dB S11 bandwidth is from 2.7 GHz to 3.75
GHz, which is matched
atched with the simulation results and this validates the design of the
antenna. The measured results for the E
E- and H-plane
plane radiation patterns of the feed have
not been included because of the back radiation properties of the feed.
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Fig. 4.39 Simulated and measured S11 of the miniaturized microstrip dipole feed.
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Miniaturized Dipole Feed Measurement with Reflector

The miniaturized feed antenna was also measured with the 45 cm reflector with f/D =
0.25, available in the laboratory. The measurement setup is the same as described in
4.2.6.2. The gain pattern of the feed antenna is shown in Fig. 4.40, where the solid line
shows the measured gain case and the dashed line shows the best fit case. Like the
previous case, the gain is increasing with frequency and at 3.06 GHz the gain of the
antenna is 20.3 dBi, which is slightly higher than the original feed antenna case. The
radiation patterns of the reflector with this feed are shown in Fig. 4.41 at 3.06 GHz,
which includes the feed mismatch and external feed line losses.
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Fig. 4.40 Measured gain of 45 cm reflector with the miniaturized microstirp dipole feed at different
frequencies.
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Fig. 4.41 Measured radiation pattern of the miniaturized microstrip dipole feed with the 45 cm
reflector at 3.06 GHz.

To calculate the mismatch loss, the feed antenna was also measured with the 45 cm
reflector. Fig. 4.42 shows the measured S11 of the feed with reflector where the
impedance bandwidth is from 2.72 GHz to 3.48 GHz. At 3.06 GHz S11 is -17.4 dB, which
corresponds to 0.08 dB mismatch loss. The co-axial cable loss is 0.2 dB, which is the
same as previous cases. Therefore, the efficiency of the antenna including the mismatch
and co-axial cable loss is 55.2% at 3.06 GHz.
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Fig. 4.42 Measured S11 of the miniaturized microstrip dipole feed on the 45 cm reflector.
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Dual Frequency Operation of the Dipole Feed

In various radar and communications systems, such as synthetic aperture radar
(SAR), dual-band mobile communications systems, and the global positioning systems
(GPS), microstrip antennas are used for their low profile, light weight and low cost. Dual
frequency antennas provide an alternative solution for these applications. These antennas
should operate with similar planar antenna characteristics. However, obtaining these
features by using planar technologies is not a simple matter, particularly when the
intrinsic structural and technological simplicity of antennas are to be preserved.
Dual-frequency microstrip antennas found in the literature may be divided into
orthogonal mode, multi patch or reactively loaded antennas. The simplest way to operate
in dual frequencies is to use the first resonance of the two orthogonal dimensions of the
rectangular patch [77]. The limitation of this approach is that two different frequencies
excite two orthogonal polarizations. Nevertheless, this simple method is very useful in
low-cost short-range applications, where polarization requirements are not that important.
The dual frequency operation is also achieved by means of multiple radiating
elements, each one supporting strong currents and radiation at its resonance. This
category includes the multilayer stacked-patch antennas [78]-[79]-[80], which are of high
cost. Another drawback of these antennas is their large sizes, which make them difficult
for some applications.
The reactively loaded microstrip patch antenna consists of a single radiating element
in which the double resonant behavior is obtained by connecting microstrip stubs [81][82] at the radiating edges or two lumped capacitors connected from the patch to the
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ground plane [83]. Etching slots on a patch can also be used as reactive loading, where
the slot loading modify the resonant mode of a rectangular patch, particularly when the
slots cut the current lines of the unperturbed mode. A dual slot-loaded microstrip antenna
with dual-frequency operation has been reported in [84]-[85], where two parallel narrow
slots are etched in the rectangular patch close to its radiating edges. Other dual-frequency
antennas with square-slot or rectangular-slot loading are reported in [86]-[87].

4.6.1

Dual Frequency Dipole Feed Design

The dual frequency microstrip dipole feed is designed by using a simple technique.
We know that the operating frequency of a dipole antenna depends on its arms. Hence,
introducing two dipole arms with different lengths simultaneously in one feeding
structure set two different operating frequencies, and thus a dual frequency operation is
obtained.

Fig. 4.43 The dipole arms of a dual frequency microstrip dipole antenna. One dipole arm is inside of
a folded dipole arm; LTDRI = LBDRI = 22.1 mm, WDRI = 10 mm, L2TDRI = 19.1 mm, W2DRI = 2mm, WFD
= 2 mm, gFD = 2 mm, WFD = 2 mm.
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Therefore, for the dual frequency operation, we introduce a dipole arm within the
original dipole arm. The width WDRI and length LTDRI of the original dipole arm are 10
mm and 22.1 mm, respectively. The dimensions of this dipole arm are designed for
operation at 3 GHz. The current density on the surface of the dipole arms is simulated by
HFSS ver. 14, and it is observed that most of the surface current is concentrated along the
edges of the arms (see Fig. 4.3). Since the majority of surface current is concentrated
toward the edges, the performance of the antenna should not be altered significantly in
terms of gain, bandwidth and center frequency if most of the metallization is removed
from the center. Hence, a slot is etched into the dipole arm, which looks like a folded
dipole arms. As the length of the dipole arms is unchanged, the design frequency is also
unchanged for this case. Now inside the slot of the dipole arm, another dipole arm is
placed whose width and length are smaller than the original dipole arm. The width W2DRI
and length L2TDRI of the arm are 2 mm and 19.1 mm respectively. As this dipole arm is
shorter than the original dipole arm, its operating frequency is higher than 3 GHz.
Therefore, by changing this dipole length, one can design an antenna for different
frequencies. Fig. 4.43 shows the dipole arm of a dual frequency feed antenna.
Fig. 4.44 shows the geometry of the dual frequency microstrip dipole feed. The feed
is designed similarly as the microstrip dipole feed presented in section 4.1, except the
substrate shape is now truncated. The simulation shows that the truncated shape does not
affect the input impedance and radiation patterns and therefore, it is selected for the less
space requirement.
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Fig. 4.44 The dual frequency microstrip dipole feed, dipole parameters: LTDRI = 22.1 mm, WDRI = 10
mm, L2TDRI = 19.1 mm, W2DRI = 2 mm. All other parameters are shown in Table 4.1. (a) geometry,
(b) S11.

The simulated S11 of the antenna is shown in Fig. 4.44 (b). It is noted that the antenna
is matched at two different frequencies. For 3 GHz, -10 dB S11 bandwidth is from 2.8
GHz to 3.1 GHz that means the bandwidth is 10.2% and at 3.5 GHz frequency, -10 dB
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Fig. 4.45 Simulated radiation patterns of the dual frequency microstrip dipole feed at different
frequencies; (a) 2.8 GHz, (b) 3 GHz, (c) 3.15 GHz, (d) 3.4 GHz, (e) 3.5 GHz, (f) 3.6 GHz.

The simulated radiation patterns of the feed at different frequencies are shown in fig.
4.45. It is evident from the figure that at low frequencies, the radiation patterns are
satisfactory with a back lobe level, below -18 dB. At high frequencies, the radiation
patterns are still good, but back lobe levels are high. However, cross-polarization levels
are low compare to the low frequency cases. The dual frequency operation can similarly
obtained for other frequency band. Table 4.5 shows the effect of inner dipole arm length
on dual frequency operation for various cases. It is clearly seen that, with increasing the
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inner dipole arm length, the two frequencies are shifted closer to each other, which results
in a low frequency ratio.
Table 4.5 Effect of impedance bandwidths on dual frequency operation by changing the inner dipole
arm length L2TDRI.
Inner dipole arm
length L2TDRI,
mm

First band
f1, bandwidth
(GHz, %)

Second band
f2, bandwidth
(GHz, %)

Frequency
ratio,
f2/f1

19.1

2.94, 10

3.50, 4.5

1.19

18.1

2.96, 11.5

3.68, 3.3

1.24

17.1

2.96, 12.1

3.90, 2.3

1.32

16.1

2.96, 12.8

4.12, 1.9

1.39

4.6.2

Experimental Verification of Dual Frequency Feed

The dual frequency feed antenna was fabricated in the laboratory on an Arlon Diclad
substrate with a thickness of 1.58 mm, dielectric constant of 2.5, loss tangent (tan δ) of
0.002, and an area of 60 T 60 mm2. All the parameters are selected based on Table 4.1
and Fig. 4.44. Fig. 4.46 shows the fabricated antenna with its top and bottom views.

(a)

(b)

Fig. 4.46 The fabricated dual frequency microstrip dipole feed. All antenna parameters are shown in
Table 4.1 except the dipole arms, which is shown in Fig. 4.44; (a) top view, (b) bottom view.
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Fig. 4.47 Simulated and measured S11 of the dual frequency microstrip dipole feed.

The simulated and measured S11 of the antenna are shown in Fig. 4.47, which shows
that the antenna is matched at 3 and 3.5 GHz frequency bands. The measured -10 dB S11
bandwidth of the antenna at 3 GHz frequency band is from 2.75 GHz to 3.05 GHz and at
3.5 GHz frequency band is from 3.45 GHz to 3.7 GHz respectively. Therefore, both the
simulation and measurement results agree with each other. The measured results for the
E- and H-plane radiation patterns of the feed have not been included because of the back
radiation properties of the feed.

4.6.2.1

Dual Band Feed Performance with Reflector

The dual frequency microstrip dipole feed was also measured with the 45 cm reflector
of f/D = 0.25, available in the laboratory. The measurement setup was the same as
described in 4.2.6.2. The gain pattern of the feed antenna is shown in the Fig. 4.48 where
solid line shows the measured gain case, and the dashed line shows the best fit case. The
gain is increasing with frequency from 2.5 GHz to 3 GHz, and decreasing after that.
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Again it is increasing from 3.4 GHz to 3.5 GHz and then decreasing. This is because of
the feed is matched in this two frequency bands.
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Fig. 4.48 Measured gains of the 45 cm reflector with the dual frequency microstirp dipole feed at
different frequencies.

The radiation patterns of the reflector with this feed are shown in Fig. 4.49 at 3.08
GHz and 3.52 GHz, which includes the feed mismatch and external feed line losses. The
gain of the antenna at 3.08 GHz is 19.9 dBi and at 3.52 GHz is 20.1 dBi, respectively.
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Fig. 4.49 Measured radiation pattern of the 45 cm reflector with the dual frequency microstrip dipole
feed; (a) 3.08 GHz, (b) 3.52 GHz.
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Fig. 4.50 Measured S11 of the dual frequency microstrip dipole feed on the 45 cm reflector.

To calculate the mismatch loss, the feed antenna is also measured with the 45 cm
reflector antenna. Fig. 4.50 shows the measured S11 of the feed on the reflector where the
impedance bandwidth is from 2.61 GHz to 3.12 GHz and 3.45 GHz to 3.56 GHz. At 3.08
GHz S11 is -15.1 dB, which corresponds to 0.13 dB mismatch loss and at 3.52 GHz, S11 is
-13.7 dB, which corresponds to 0.19 dB mismatch loss. The co-axial cable loss was 0.2
dB, which is the same as the previous cases. Therefore, the efficiency of the antenna
including the mismatch and co-axial cable losses are 55.2% at 3.08 GHz and 55.3% at
3.52 GHz.

4.7

Summary

In this chapter, microstrip fed printed dipole feed antennas with a dipole-reflector,
based on the classic Yagi-Uda antenna was presented. In the antenna design, the dipolereflector and the director were interchanged to provide backward radiation (radiation
toward feed line). The microstrip dipole antenna was designed for 3 GHz frequency range
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and a parametric study was performed to investigate the effects of various input
parameters on its input impedance and radiation patterns. Based on the parametric study,
the best parameters were selected and a prototype of the feed antenna was simulated by
the finite element method based 3-D full wave simulator, Ansoft HFSS ver. 14 and also
tested in the laboratory. It achieved good impedance matching characteristics at 3 GHz
frequency range and provided good radiation characteristics with wider H-plane pattern
than the E-plane pattern. Furthermore, it produced relatively lower cross-polarization
level and also produced a reasonable back lobe level.
The gain factor, spillover and illumination efficiency of the proposed feed antenna
were calculated. The gain factor was around 65% at f/D = 0.25, which is a reasonable
efficiency in the desirable range. The phase center of the feed antenna was also
determined to get optimized secondary patterns. The feed antenna was measured with a
45 cm reflector with f/D = 0.25, available in the laboratory. The gain of the reflector was
found to be 20.2 dB at 3.06 GHz, and 55% efficiency was achieved.
The feed antenna suffered from narrow impedance bandwidth. Therefore, the antenna
bandwidth was improved by changing the feed line width. It was found that the
impedance bandwidth was increased 29% compared to 16.5% of the original case. This
wideband feed was also fabricated and measured in the laboratory. The results showed
good impedance matching with the simulation results. The original microstirp dipole
antenna showed asymmetric pattern especially in the E-plane. The pattern symmetry was
achieved by using the unequal dipole arms. It also improved the cross-polarization level
of the antenna.
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Size reduction of the original feed antenna was also achieved by using slits at the
dipole arms and changing shapes of the dipole arms. Further size reduction was achieved
by combining these two techniques. The feed was simulated and measured in the
laboratory and the simulation and measured results agreed well.
The original feed antenna was then modified for the dual frequency operation. The
dual frequency feed was designed for 3 GHz and 3.5 GHz, respectively. The feed was
simulated and measured in the laboratory and simulation results matched with the
measurement results.
The microstrip dipole feeds presented in this chapter showed unequal E- and H-plane
radiation patterns. However, radiation pattern equalization was important for using the
feeds with a reflector having a circular aperture. In the following chapter, we will
investigate modified microstrip dipole feeds for radiation pattern equalization and discuss
some of their properties.

Chapter 5
Modified Microstrip Dipole Feeds for
Radiation Pattern Symmetry

5.1

Introduction

Microstrip dipole feeds, discussed in the previous chapter, had several advantages, as
a feed for reflectors in simplicity and elimination of struts, as they were supported by a
coaxial-feed cable and thus eliminating the blockage from support struts. However, their
unequal radiation patterns in the principal planes were unable to illuminate the prime
focus reflector effectively, thus caused low illumination efficiencies. Therefore, pattern
equalizations of these feeds are important in order to illuminate effectively a prime focus
reflector. In this chapter attempts have been made to equalize the E- and H-plane
radiation patterns of these feeds.
Microstrip dipole feeds have a wider H-plane radiation pattern than the E-plane
radiation pattern. Therefore, for pattern equalization, it is necessary to decrease the
beamwidth of the H-plane radiation pattern, so that both beamwidths can become equal.
From the geometry and co-ordinate system of the microstrip dipole antenna, it is

5.1

Introduction

136

observed that the H-plane (XZ-plane) is symmetric with respect to the dipole arms.
Therefore, it is assumed that dipole arms have effects on shaping the H-plane radiation
patterns of the antenna.
Dipole antennas with straight arms are widely used for their simple geometries, which
offer advantages of being relatively easy to analyze even with approximate theories. On
the other hand, non-linear dipole antennas suffer from experimental investigations and
also their numerical analysis is restricted. Therefore, a limited number of dipole antennas
with arbitrary shapes are found in the literature. In [88], the authors showed by changing
the dipole arms from a linear to non-linear, the radiation characteristics of the antenna
was changed. This is the primary reference of motivation to equalize the E- and H-plane
radiation patterns. The basic idea is to search for a feed antenna that will offer equal
radiation patterns than comparable straight arm microstrip dipole antennas, by optimizing
the dipole arm shape. Due to the computing power increase, it is relatively easy to
analysis non-liner arm microstrip dipole structure.
In this chapter, we will use two techniques to equalize the radiation patterns of the
microstrip dipole feed antenna. In the first technique, the dipole arms are bent so that Hplane beamwidth is decreased until both the E- and H-plane radiation patterns become
equal. In the second technique, dipole arms are meandered and orthogonal stubs are
added, so that the current distribution within the arms will be changed and equal E- and
H-plane radiation patterns can be achieved.
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Bent Arms with a Single Dipole-Reflector

A bend dipole is simply a dipole antenna that its arms are bent, instead of being
straight. The number of ways that a dipole can be bent is limitless, so we can’t look at all
the possibilities. One way to fit a dipole antenna in a restricted space is to bend the legs
horizontally, which is shown in Fig. 5.1. The bent angle depends on the radiation
characteristics of the antenna and its arm length and width are adjusted to improve the
input impedance at the operating frequency. If the resonant length doesn't change much
and the impedance remains close to that for a straight dipole, we would expect a dipole
with bent arms will produce improved radiation characteristics.

θ

Bent Dipole
arms
Transmission
line

Fig. 5.1 Schematics of a bent dipole arms which are connected to parallel transmission lines. The two
arms are on each side of a substrate. The bent angle determines the radiation patterns of the feed.
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Bent Arm Dipole Feeds Design

Fig. 5.2 presents the layout of the bent dipole antenna operating at 3 GHz and printed
on a substrate of dielectric constant εr = 2.5, loss tangent (tan δ) = 0.002 and thickness t =
1.58 mm with metallization on both sides. The antenna is designed the same way as it
was presented in the previous chapter, except the dipole arms and the dipole-reflector are
bent.

Fig. 5.2 The geometry of the bent arms micostrip dipole feed with a single dipole-reflector; L = 65
mm, W = 36 mm, WB = 20 mm.

The length of the bent arm is evolved from the original straight dipole arms, which is
quarter wavelength at the operating frequency. However, the length is adjusted to the
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operating frequency. The width of the bent arms is initially selected as the same width of
straight dipole, although finally it was changed along the arm to optimize for good input
impedance and radiation characteristics. The bent angle was selected after several
iterations. It plays an important role in determining the radiation characteristics of the
antenna. By changing the bent angle one may get different impedance matching and
radiation patterns.
The dipole-reflector of the feed antenna was also bent similarly. The shape and bent
angle of this dipole-reflector also determine the impedance and radiation characteristics
of the antenna. For back ward radiation, the horizontal length of the bent dipole-reflector
should be higher than the horizontal length of the bent dipole arms. The gap between the
dipole arms and dipole-reflector is also important in determining the input impedance and
radiation characteristics of the antenna.
The substrate of the antenna is truncated in the direction of radiation, which is shown
in the figure. Its shape had small effect on the radiation and impedance characteristics,
which are confirmed by the simulation.

5.2.1.1

Effects of the Dipole Angle

We already mentioned that bending the dipole arms affects the impedance and
radiation characteristics of the antenna. Therefore, the effects of the bending arms are
investigated. Table 5.1 shows the output parameters for three different cases: straight
dipole arm case (θ = 900), medium bent angle case (θ = 47.30) and narrow bent angle case
(θ = 20.20). It is shown in the table that at 3-dB point, H-plane beamwidths are 1240, 1060
and 820 at θ = 900, 47.30 and 20.20 respectively. E-plane 3-dB beamwidths are same for
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all three cases. Therefore, the H-plane beamwidth decreases by decreasing the bent angle.
The cross-polarization level at 450 plane is almost the same for all three cases. The back
lobe level increases by decreasing the bent angle. That means the beamwidth of the
antenna increases. As a result, the spillover losses of the feed will be higher at higher bent
angles. The -10 dB S11 bandwidth is also affected by the bending angle. It shows that the
impedance bandwidth of the antenna decreases by decreasing the bent angle.
Table 5.1 Effects of the bending arms on radiation and impedance characteristics. All parameters are
the same as previous sub-section (5.2.1) expect the bent dipole arm and bent angle.
Straight dipole case
BL1 = 17.9 mm, BW1 =
0 mm , BW2 = 12 mm,
BW3 = 12 mm,
θ = 900

Medium angle case
BL1 = 13.9 mm , BW1
= 12 mm, BW2 = 13
mm, BW3 = 12 mm,
θ = 47.30

Pattern equalize case
BL1 = 7.9 mm, BW1 =
17 mm, BW2 = 19
mm, BW3 = 14 mm,
θ = 20.20

-3 dB beamwidth, (E-plane)

760

760

760

-3 dB beamwidth, (H-plane)

1240

1060

820

Cross-pol at 450, (0< θ ≤ 900)

-14 dB

-15.8 dB

-13 dB

-14.25 dB

-13.3 dB

-8 dB

2.78 - 3.26 GHz

2.93 - 3.13 GHz

2.96 - 3.06 GHz

Back lobe level
-10 dB S11 bandwidth

5.2.1.2

Simulation Results of the Bent Dipole Feed

The feed antenna was designed and simulated by Ansoft HFSS ver. 14. The antenna
parameters are optimized and selected as RL1 = 10 mm, RL2 = 9 mm, RW1 = 14 mm, RW2
= 15 mm, BL1 = 7.9 mm, BW1 = 17 mm, BW2 = 19 mm, BW3 = 14 mm, WFEED = 4.2 mm,
LFEED = 47 mm, DDR = 2mm. All other parameters are same as the microstrip dipole case,
which were already mentioned in the previous chapter. The simulated S11 of the feed
antenna is shown in Fig. 5.3. It is observed that -10 dB S11 bandwidth is from 2.96 GHz
to 3.06 GHz. Therefore, the impedance bandwidth of the antenna is only 3.33%, which is
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narrow compare to the straight microstrip dipole feed. The reason for this narrow
impedance bandwidth of the antenna is the bent arms, which affects the impedance
characteristics of the antenna.
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Fig. 5.3 Simulated S11 of the bent microstrip dipole feed with a single dipole-reflector.

The simulated radiation patterns of the feed antenna at three different frequencies are
shown in Fig. 5.4. At 3 GHz, the E- and H-plane radiation patterns are almost symmetric
with respect to the axis, with equal patterns up to 580, which corresponds to an f/D =
0.45. After that aperture angle, the E-plane pattern is not symmetric with respect to the
axis. The cross-polarization level at 450 plane of the antenna is -13 dB and is not
symmetric. This is because of the asymmetric nature of the radiation patterns after 580
angles. The back lobe level of the antenna is -8 dB, which is high for a feed antenna. This
high back lobe level will increase the spillover loss, and decrease the spillover efficiency,
which ultimately decrease the gain factor of the antenna. At 2.9 GHz, the E- and H-plane
radiation patterns are almost equal with -11 dB cross-polarization level. However, at 3.1
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GHz a side lobe appears in the E-plane with asymmetric nature with respect to the axis
and that causes higher cross-polarization level.
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Fig. 5.4 Simulated radiation patterns of the bent microsrip feed with a single dipole-reflector at three
different frequencies. (a) 2.9 GHz, (b) 3.0 GHz, (c) 3.1 GHz

Fig. 5.5 shows the surface current distributions of the antenna at 3 GHz frequency. It
is observed that strong current exists at the feed line and also at the edge of the dipole
arms. There is also current at the edge of the dipole-reflector, which is opposite direction
to the current in the dipole arms, indicates the phase reversal at the radiating edge of the
dipole-reflector.
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Fig. 5.5 Surface current distribution of the bent microstrip dipole feed with a single dipole-reflector
at 3 GHz.

5.2.2

Performance of the Bent Dipole Feed

The performances in terms of the spillover efficiency, the illumination efficiency and
the gain factor of the feed are shown at Table 5.2 for various f/D cases. It is noticed from
the table that by increasing the aperture angle, the illumination efficiency is increased and
the spillover efficiency is decreased, as expected. The maximum gain factor of the feed is
63.2% at f/D = 0.41, which is low compared to the other cases. This is because of the
high back lobe level, which causes higher spillover loss, and also large E- and H-plane
phase errors.
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Table 5.2 Spillover, illumination and gain factor of the bent microstrip dipole with a single dipolereflector feed for various f/D or aperture angle at 3 GHz.
f/D

Spillover efficiency

Illumination efficiency

Gain factor

71

0

78.7 %

84.1 %

61.4 %

67

0

76.3 %

87.1 %

62.8 %

65

0

75.0 %

88.4 %

63.1 %

63

0

73.5 %

89.7 %

63.2 %

0.43

61

0

71.0 %

91.4 %

63.0 %

0.45

580

69.2 %

92.5 %

62.2 %

0.35
0.375
0.39
0.41

5.2.3

Aperture Angle

Phase Center of the Bent Dipole Feed

The phase center location of the feed antenna is important to know as the phase center
and reflector focal point coincide with each other. In this feed, radiations are in the Zdirection and therefore, the phase center location is also on the Z-axis. To find the phase
center location of the feed, its phase distribution is important to know. The feed itself is
not rotationally symmetric about the axis, and therefore it is hard to find similar phase
pattern about its axis, for both E-and H-planes. Fig. 5.6 shows the phase variation of the
feed antenna within 700 angle, with respect to a point 57 mm from the coaxial feed point,
which is located at the dipole arms. The figure shows that the E-plane phase variation is
not symmetric with respect to the axis and is higher than the H-plane phase variation,
which is symmetric. This indicates that the phase center locations of the E- and H-planes
will not coincide with each other.
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Fig. 5.6 Phase variations of the bent microstrip dipole with a single dipole-reflector feed within θ =
700, when the co-ordinate origin is 57 mm from the co-axial feed point.

To find the phase center location of the feed, the phase variations of the E- and Hplanes are varied for optimized case by changing its location on the Z axis. As the phase
variations are different for the E- and H-planes, the phase center locations are also
different for each plane and the optimum phase variations of the E- and H-planes will be
the combined phase center location of the antenna. Fig. 5.7 shows the E-plane, H-plane
and combined phase center locations for the bent microstrip dipole antenna with one
dipole-reflector, which are indicated as dE, dH and dC respectively. In this figure, d = 0
means the phase center location is 57 mm away from the co-axial feed point. The E- and
H-plane phase centers vary with aperture angle. However, the E-plane phase center
location is further away from the H-plane phase center location, indicating that the phase
variation is higher for the former. The combined phase center location is 28 mm from
d=0 point at 900, compared to 30 mm at 710, which indicates higher phase variations at
higher aperture angles.
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Fig. 5.7 Phase center locations of bent microstrip dipole with a single dipole-reflector feed; d = 0 is
located at 57 mm away from the feed point.

5.2.4

Experimental Verification of the Bent Dipole Feed

To verify the simulated results presented in the previous section, the feed antenna was
fabricated and tested at the University of Manitoba Antenna Laboratory with a 36 x 65
mm2 substrate with εr = 2.5, loss tangent (tan δ) = 0.002 and thickness t = 1.58 mm. All
other parameters are selected based on simulation design. Figs. 5.8 (a) and (b) show the
top and bottom view of the fabricated antenna.
Fig. 5.9 shows the measured and simulated S11 of the antenna. The measured -10 dB
S11 bandwidth is from 2.99 GHz to 3.08 GHz that means the impedance bandwidth is
2.98%. Thus there is a good agreement between simulated and measured bandwidth.
However, there is a slight difference between the simulated and measured matching of
the antenna. This is due to the fabrication tolerances of the antenna as the dipole angle is
very sensitive to the matching of the antenna.

5.2

Bent Arms with a Single Dipole-Reflector

(a)

147

(b)

Fig. 5.8 The fabricated bent microstrip dipole with a single dipole-reflector antenna; (a) top view, (b)
bottom view.
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Fig. 5.9 The simulated and measured S11 of the bent microstrip dipole with a single dipole-reflector
feed.

The measured results for the E- and H-plane radiation patterns of the feed have not
been included because of the back radiation properties of the feed.
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Bent Dipole Feed With a Reflector

The feed antenna was also measured with the 45 cm reflector of f/D = 0.25, available
in the laboratory. The measurement setup is same as described in 4.2.6.2. The gain
patterns of the feed antenna is shown in the Fig. 5.10, where the solid line shows the
original gain case and the dashed line shows the best fit case. The gain is increasing with
frequency from 2.5 GHz to 3 GHz and then decreasing thereafter. This is because of the
antenna impedance matched characteristics.
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Fig. 5.10 Measured gain of the 45 cm reflector with the bent microstrip dipole with a single dipolereflector feed at different frequencies.

The radiation patterns of the modified feed antenna with reflector are shown in Fig.
5.11. The figure shows that at 3 GHz, the gain of the antenna is 19.1 dBi with slightly
unequal radiation patterns. The E- and H-plane radiation patterns of the reflector-feed
should be equal as they were equal in the feed patterns. The main reason for unequal Eand H-plane radiation patterns is due the unequal patterns after 580 in the feed antenna.
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Fig. 5.11 Gain of the bent microstrip dipole feed with a single dipole-reflector with the 45 cm
reflector.

Fig. 5.12 shows the S11 of the bent microstrip dipole feed with the reflector antenna.
The figure shows that the feed with reflector is matched at 3 GHz. The impedance
bandwidth of the reflector-feed at -10 dB point is from 3 GHz to 3.05 GHz. So the
bandwidth is 1.7% which is very narrow. At 3 GHz, S11 is -10 dB, which corresponds to
0.46 dB mismatch loss.
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Fig. 5.12 The measured S11 of the bent microstrip dipole feed on the 45 cm reflector.
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The co-axial cable loss is 0.2 dB, which is the same as previous cases. Therefore, the
overall gain of the antenna is 19.76 dBi and the efficiency of the antenna is 52% at 3
GHz.

5.3

Bent Arms with Double Dipole-Reflectors

Bent Microstrip dipole with a single dipole-reflector equalized the E- and H-plane
radiation patterns. However, the E- and H-plane radiation patterns were not equal after
580 and back lobe level of the antenna was 8 dB, which is high. Therefore, the feedreflector radiation patterns were not equal. Hence, it is necessary to improve the radiation
patterns by improving front to back ratio of the antenna.

5.3.1

Double Dipole-Reflectors Feed Design

To achieve good radiation characteristics with good front to back ratio, an additional
dipole-reflector was introduced with the previous antenna configuration. This dipolereflector acts as an additional reflector for the previous antenna configuration and
therefore, the antenna will be more directive towards the Z direction, and hence the
radiation patterns and front to back ratio of the antenna will be improved.
Fig. 5.13 shows the bend microstrip dipole with double dipole-reflectors. The feed is
operating at 3 GHz and is printed on a substrate of length L = 80 mm, width W = 50 mm,
dielectric constant εr = 2.5, loss tangent (tan δ) = 0.002 and thickness t = 1.58 mm with
metallization on both sides. Antenna configuration is the same as the single dipolereflector case except a second dipole-reflector is added with the structure. The second
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dipole-reflector parameters are listed as RL21 = 15 mm, RL22 = 10 mm, RW21 = 12 mm,
RW22 = 15 mm after several simulation. The distance between first and second dipolereflector DDR2 is 2 mm. This distance is selected after some iteration based on optimum
results in terms of radiation patterns. The second dipole-reflector is slightly bent to the
positive Z axis. This will improve the radiation characteristics of the antenna over that of
the straight case. All other parameters are the same as the single dipole-reflector case.

Fig. 5.13 The The geometry of the bent microstrip dipole with double dipole-reflectors; L = 80 mm, w
= 50 mm, t = 1.58 mm, εr = 2.5.

The feed antenna is designed and simulated by Ansoft HFSS ver. 14 and the
simulated S11 of the feed is shown in Fig. 5.14. It is observed that -10 dB S11 bandwidth
is from 2.99 GHz to 3.08 GHz. Therefore, the impedance bandwidth of the antenna is
2.97 %, which is low compare to straight microstrip dipole antenna. The reason for low
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S11 of the antenna is the bent arms, which affects the impedance characteristics of the
antenna.
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Fig. 5.14 Simulated S11 of the bent microstrip dipole with double dipole-reflectors feed.

The simulated radiation patterns of the feed antenna are shown in Fig. 5.15 for three
different frequencies. The E- and H-plane radiation patterns at 3 GHz are almost
symmetric with respect to the axis with equal pattern up to 710, which corresponds to f/D
= 0.35. The back lobe level of the antenna is -17.5 dB, which is lower than previous
(single dipole-reflector) case. The cross-polarization level of the antenna is -15 dB at
(0 x @ y 90 ). It is also observed that E- and H-plane radiation patterns are not equal
and also not symmetric to the Z-axis at the lower (2.9 GHz) and higher (3.1 GHz)
frequencies. This indicates that the dipole arms are frequency sensitive to the bent angle.
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Fig. 5.15 Simulated radiation patterns of the bent microstrip dipole feed with double dipole-reflectors
at different frequencies; (a) 2.9 GHz, (b) 3 GHz. (c) 3.1 GHz.

5.3.2

Performance of the Double Dipole-Reflectors Feed

The performance in terms of the spillover efficiency, the illumination efficiency and
the gain factor of the bent microstrip dipole with double dipole-reflectors feed is shown
in Table 5.3, for various f/D cases. The illumination efficiency is increased and the
spillover efficiency is decreased with increasing the aperture angle. The gain factor of the
feed is 62.3 % at 760 aperture angle or f/D = 0.32.
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Table 5.3 Spillover, illumination and gain factor of the bent microstrip dipole with double dipolereflectors feed antenna for various f/D or aperture angle at 3 GHz.
f/D

Spillover efficiency

Illumination efficiency

Gain factor

80

0

75.6 %

86.8 %

61.9 %

0.31

78

0

74.3 %

88 %

62.2 %

0.32

760

72.9%

89.1 %

62.3 %

0.33

740

71.5%

90.2 %

62.2 %

0.35

710

69.2 %

91.8 %

61.7 %

0.30

5.3.3

Aperture Angle

Phase Center of the Double Dipole-Reflectors Feed

The radiations of this feed are also in the Z-direction and therefore, the phase center
location is also in the Z-axis. To find the phase center location of the feed, its phase
distribution is important to know. Fig. 5.16 shows the phase variation of the feed antenna
within 700 angle, with respect to a point 57 mm from the coaxial feed point, which is
located at the dipole arms. The figure shows that the E-plane phase variation is not
symmetric to the axis and is higher than the H-plane phase variation, which is symmetric
to the axis. This indicates that the phase center locations for the E- and H-planes do not
coincide with each other.
To find the phase center location of the feed, the phase variations of the E- and Hplanes are varied by changing its location on the Z axis. As the phase variations are
different for the E- and H-plane, the phase center locations are also different for each
plane and the optimum phase variation of the E- and H-planes will be the combined
phase center location of the antenna.
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Fig. 5.16 Phase patterns of the bent microstrip dipole feed with double dipole-reflectors feed within θ
= 700, when the co-ordinate origin is 57 mm from the co-axial feed point.
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Fig. 5.17 Phase center location of a bent microstrip dipole with double dipole-reflectors; d = 0 is
located at 57 mm from feed point.

Fig. 5.17 shows the E-plane, H-plane and combined phase center locations for the
bent microstrip dipole antenna with double dipole-reflectors, which are indicated as dE,
dH and dC respectively. In this figure, d = 0 means the phase center location is 57 mm
away from the feed point. The E- and H-plane phase center varies with aperture angle.
However, the E-plane phase center location is further away from the H-plane phase
center location indicating that the phase variation is higher for the former. The combined
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phase center location is 26 mm from d = 0 point at 900, compare to 30 mm at 710, which
indicates higher phase variations at higher aperture angle.

5.3.4

Experimental Verification of the Feed

To verify the simulated results presented in the previous section, the feed antenna was
fabricated and tested at the University of Manitoba antenna laboratory. The dimension of
the fabricated double dipole-reflectors feed antenna substrate was 50 x 80 mm2 with εr =
2.5, loss tangent (tan δ) = 0.002 and thickness h = 1.58 mm. All other parameters are
selected based on simulation process. Figs. 5.18 (a) and (b) shows the top and bottom
views of the fabricated antenna.

(a)

(b)

Fig. 5.18 The fabricated bent microstrip dipole with double dipole-reflectors feed; (a) top view, (b)
bottom view.
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Fig. 5.19 shows the measured and simulated S11 of the antenna. The measured -10 dB
S11 is from 3.05 GHz to 3.12 GHz that means the impedance bandwidth is 2.26%. Thus
there is a good agreement between the simulated and measured bandwidths. However,
there is slight difference between the simulation and measurement matching of the
antenna. This is due to the fabrication tolerance of the antenna as the matching is very
sensitive to the dipole angle.
The measured results for the E- and H-plane radiation patterns of the feed have not
been included because of the back radiation properties of the feed.
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Fig. 5.19 The S11 of the bent microstrip dipole with double dipole-reflectors feed.

5.3.4.1

Double DipoleDipole-Reflectors Feed Performance with Reflector

The feed antenna is also measured with the 45 cm reflector of f/D = 0.25 available in
the laboratory. The measurement setup is the same as described in 4.2.6.2. The gain
pattern of the feed antenna is shown in the Fig. 5.20, where the solid line shows the
measured gain and the dashed line shows the best fit case. The gain is increasing with
frequency from 2.5 GHz to 3 GHz and thereafter decreasing. This is because the antenna
is matched within a narrow frequency band.
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Fig. 5.20 Measured gain of the 45 cm reflector with the dipole with two dipole-reflectors feed at
different frequencies.

The radiation patterns of the feed antenna with reflector are shown in Fig. 5.21. The
figure shows that at 3.04 GHz, the gain of the antenna is 19.9 dBi, which is almost the
same as the microstrip dipole case. The E- and H-plane radiation patterns of the reflectorfeed are more equal than the previous case. This is because of the symmetric nature of the
feed antenna.
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Fig. 5.21 Measured radiation patterns of the 45 cm reflector with the bent microstrip dipole with
double dipole-reflectors feed at 3.04 GHz.
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Fig. 5.22 shows the S11 of the feed with the reflector. The figure shows that the
reflector-feed is matched with 3 GHz frequency band. The impedance bandwidth of the
reflector-feed at -10 dB point is from 3 GHz to 3.08 GHz. Thus the bandwidth is 2.63%.
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Fig. 5.22 Measured S11 of the bent micostrip dipole with double dipole-reflectors feed on the 45 cm
reflector.

At 3.04 GHz, S11 is -12.1 dB, which corresponds to 0.28 dB mismatch loss. The coaxial cable loss is 0.2 dB, which is the same as previous cases. Therefore, the overall gain
of the antenna is 20.4 dBi and the gain factor of the antenna is 55% at 3.04 GHz.

5.4

Corrugated Microstrip Dipole Feed

We already know that microstrip dipole antennas have wider H-plane radiation
pattern than the E-plane radiation pattern. Therefore for pattern equalization, it is
necessary to decrease the beamwidth of the H-plane radiation pattern faster than the Eplane pattern, so that both beamwidths can become equal. In the previous section, we
designed a feed antenna where E- and H-plane radiation patterns were equal. However,
its input impedance bandwidth was very narrow. Therefore, improving the input
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impedance and retaining the pattern equalization is a challenge and in the following
section we will design a feed antenna with these characteristics.

5.4.1

Corrugated Microstrip Dipole Feed Design

Fig. 5.23 shows the layout of the corrugated microstrip dipole feed antenna [89]. The
antenna is operating at 3 GHz and is printed on a substrate with a dielectric constant of εr
= 2.5, loss tangent (tan δ) = 0.002 and thickness t = 1.58 mm, with metallization on both
sides. The feed antenna is designed as the same way as it was presented in the previous
chapter except the dipole arms are loaded with orthogonal stubs. Therefore, the dipole
with these orthogonal stubs can be called as corrugated microstrip dipole feed antenna.

(a)

(b)

Fig. 5.23 The geometry of the corrugated microstrip dipole feed antenna, (a) 3-D view, (b) top view.

Initially, the length of the dipole arm is set as the quarter wavelength at the operating
frequency. Since the dipole is loaded with two orthogonal stubs, the horizontal length of
the dipole arm is shortened and adjusted at the operating frequency. This length also
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depends on the length of the stubs. If the length of the stubs is large, then the length of
the corrugated dipole arm will be small.
The length of the dipole-reflector is slightly larger than the total length of the
corrugated dipole arms and its width is set the same as the previous cases. The dipolereflector is extended vertically on each side to improve the back radiation characteristic
of the feed. The gap between the dipole arms and dipole-reflector is optimized for good
input impedance and radiation characteristics of the feed antenna.
Table 5.4 Corrugated microstrip dipole feed antenna dimensions (units: mm)
L

80

LDRI

24

LFEED

45

W

36

WDRI

10

L1

7

LREF

28

DL1

12

L2

12

WREF

8

Dw1

1

L3

20

RL1

4

Dw2

2

WFEED1

4.2

Rw1

2

Dw3

1

WFEED2

1

DDR

2

Dw4

2

WGP

16

The initial design parameters of the antenna are given in Table 5.4, which were
selected after several iterations. However, for pattern equalization the most sensitive
parameters were found to be those of the corrugated dipole arms and therefore, were
selected for the parametric study.

5.4.1.1

Effect of the Loaded stubs
stubs

As mention earlier, orthogonal stubs were added to the original dipole arms, to shape
its radiations. Therefore, it is important to know the number of stubs and their dimensions
as well as locations, for pattern equalization. Fig. 5.24 (a) shows the effects of varying
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number of stubs. For all three cases S11 is below -10 dB line, but the bandwidth is widest
for the two stub case. Fig. 5.24 (b) shows the radiation patterns for three different cases.
For all cases the E- and H-plane radiation patterns are almost identical, but -10 dB
beamwidth increases with the increase of the number of stubs from 1 to 2, but are almost
the same for 2 and 3 stub cases. However, the back lobe level is lowest at -26 dB for the
three stub case.
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Fig. 5.24 The Effects of changing the number of stubs. (a) S11, (b) radiation patterns at 3 GHz.

The stub length DL1 is the most important parameter for pattern equalization. The
length of the original dipole arms is 20 mm. However, as DL1 is increased, the total length
of the corrugated dipole arms is reduced to 12 mm. The gap between adjacent stubs is
important for input impedance characteristics of the feed, although it does not affect the
radiation characteristics of the feed. If the gap is large, the feed matching becomes weak.
Therefore, the gap is selected as 1 mm. Fig. 5.25 (a) shows the effect of varying DL1, on
its S11. By varying DL1 from 10 to 14 mm, the lower limit of the S11 at -10 dB point is
decreased from 3 to 2.75 GHz. This is because, as the stub length increases, the overall
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dipole length are increased, which ultimately decreased the S11 of the antenna. Fig. 5.25
(b) shows the radiation patterns for these cases. At DL1 = 10 mm, the radiation patterns
are almost identical, but the back lobe level is -11 dB, which is high. The crosspolarization level for this case is low compare to the other cases. At DL1 = 12 mm, the
radiation patterns are also almost the same, but the back lobe level is decreased to -23.8
dB, which is the lowest. The cross-polarization level of this case is still satisfactory.
When DL1 =14 mm, the radiation patterns deteriorate, with high back lobe level, and high
cross-polarization.
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Fig. 5.25 The Effects of changing the stub length DL1. (a) S11, (b) radiation patterns at 3 GHz.

5.4.1.2

Simulation Results of the Corrugated Dipole Feed

The feed antenna is designed and simulated by Ansoft HFSS ver. 14. The antenna
parameters are optimized and selected as RL1 = 4 mm, RL2 = 3 mm, RW1 = 2 mm, RW2 = 2
mm, DL1 = 12 mm, DW1 = DW3 = 1 mm, DW2 = DW4 = 2 mm. All other parameters are the
same as the microstrip dipole case and also shown in Table 5.4, which were already
mentioned.
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Fig. 5.26 Simulated S11 and Smith chart of the corrugated microstrip dipole feed antenna. (a) S11, (b)
Smith chart.

The simulated S11 of the feed antenna is shown in Fig. 5.26 (a). It is observed that -10
dB S11 bandwidth is from 2.86 GHz to 3.62 GHz. Therefore, the impedance bandwidth of
the antenna is 23.46%, which is wider than that of the bent microstrip dipole case. Its
Smith chart is shown in Fig. 5.26 (b), where it shows that the impedance loop is around
50 Ω circle, indicating a wider bandwidth of the antenna.

The reason for wider

impedance bandwidth of the antenna is that dipole arms have less effect on the
impedance characteristics of the antenna.
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Fig. 5.27 The radiation patterns of the corrugated microstrip dipole feed antenna at different
frequencies. (a) 2.9 GHz, (b) 3.0 GHz, (c) 3.1 GHz.

The simulated radiation patterns of the feed antenna at 3 GHz are shown in Fig. 5.27
for different planes. The patterns show that the E- and H-plane patterns are almost
symmetric. The beamwidths of the feed antenna at -10 dB are both 2700. The crosspolarization level at 450 plane of the antenna is -13 dB (00 <θ ≤ 900) and is the same as
previous cases. The back lobe level of the antenna is -24 dB, which is lower than the
previous cases. This low back lobe level will decrease the spillover loss, and increase the
spillover efficiency.
Fig. 5.28 shows the surface current distributions of the antenna at 3 GHz frequency.
As can be seen from current distributions, strong currents exist at the feed line and also at
the edge of the dipole arms. There is also strong current at the edges of the dipolereflector, which is in the opposite direction to the current in the dipole arms, indicating
the phase reversal at the radiating edge of the dipole-reflector.
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Fig. 5.28 Surface current distribution of the corrugated microstrip dipole feed antenna at 3 GHz.

The corrugated microstrip dipole feed antenna has more metallization on each side of
the substrate than the original microstip dipole feed antenna. Therefore, the dielectric loss
and copper loss of the antenna are needed to determine, as they affect the radiation
efficiency of the antenna. Table 5.5 summarize the results for different cases. The
radiation efficiency associated with the conductor loss is only 0.3% and dielectric loss
only 1% (loss tangent (tan δ) = 0.002) and the total conductor and dielectric losses are
1.9%. Therefore, the losses associated with the conductor and dielectrics are not
significant for the corrugated microstrip dipole feed antenna.
Table 5.5 Different output power and radiation efficiency of the corrugated microstrip dipole feed
antenna at 3 GHz.

Perfect Conductor, Perfect dielectric

Input
power
100%

Reflected
power
2.1%

Accepted
power
97.9%

Radiated
power
97.9%

Radiation
efficiency
100%

Perfect Conductor, lossy dielectric

100%

2.6%

97.4%

96.4%

99%

Copper Conductor, Perfect dielectric

100%

1.8%

98.2%

97.9%

99.7%

Copper Conductor, lossy dielectric

100%

1.7%

98.3%

96.5%

98.2%

where, radiation efficiency = radiated power/accepted power.
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Performance of the Corrugated Dipole Feed

The performances in terms of spillover efficiency, illumination efficiency and gain
factor of the feed are shown in Table 5.6 for various f/D cases. The gain factor of the feed
increases by the increasing of the reflector aperture angle up to a highest point, where it is
maximum and after that point the gain factor is decreasing again. The maximum gain
factor is found to be at θ0 = 920 aperture angle, indicating that the feed is suitable for deep
reflectors.
Table 5.6 Spillover, illumination and gain factor of the corrugated microstrip dipole feed antenna for
various f/D or aperture angle at 3 GHz.
f/D

Aperture Angle
0

Spillover efficiency

Illumination efficiency

Gain factor

0.21

100

86.7%

81.8%

67.9 %

0.23

95

0

83.7%

85.1%

68.8 %

92

0

81.6%

86.8%

68.9 %

90

0

80.2%

88.0%

68.7 %

80

0

72.2%

92.7%

65.3 %

0.24
0.25
0.30

Table 5.7 Performance of the corrugated microstrip dipole feed for three different frequencies; all
parameters are shown in section 5.4.1.2.
Frequency

2.9 GHz
0

3.0 GHz
0

3.1 GHz
940

θ0

92

ηs

83.2 %

81.6 %

80.2 %

ηi

85.1 %

86.8 %

86.8%

ηg

68.3 %

68.9 %

67.6 %

dc

56 mm

57 mm

59 mm

92

where,
θ0 = aperture angle at which gain factor is maximum,
ηs = maximum spillover efficiency at θ0,
ηi = maximum illumination efficiency at θ0,
ηg = maximum gain factor at θ0,
dc = phase center location from feed point toward z-axis
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The performance of the feed with two other frequencies is also investigated. Table 5.7
summaries the gain factor, the spillover, and the illumination efficiencies for three
different frequencies at 2.9 GHz, 3 GHz and 3.1 GHz, respectively. The gain factors of
these three different frequencies are found to be 68.3%, 68.9% and 67.6%, respectively,
which are almost the same. Therefore, the feed parameters are very stable with frequency,
in terms of the gain factor. The phase center location dc for these frequencies are 56 mm,
57 mm and 59 mm, respectively, from the co-axial feed point, which confirms the phase
center stability of the feed.

5.4.3

Phase Center of the Corrugated Dipole Feed

The phase center location of the corrugated dipole feed antenna is important to know
as the phase center and reflector focal point coincide with each other. In the corrugated
microstrip dipole antenna feed, radiations are in the Z-direction and therefore, the phase
center location is also on the Z-axis. To find the phase center location of the feed, its
phase distribution is required. The phase of the antenna is also changed with the angle θ
in both cases, therefore more than one phase center locations may be found on this axis.
Nevertheless, one location is selected where phase variations are small in the E-and Hplanes. Fig. 5.29 shows the phase variations of the feed antenna within 700 angle, with
respect to a point 57 mm from the coaxial feed point, which is located at the dipole arms.
The figure shows that phase variation is not symmetric with respect to the axis and also it
varies with the angle.
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Fig. 5.29 Phase patterns of the corrugated microstrip dipole feed antenna for aperture angle of 700,
when the co-ordinate origin is 57 mm from the co-axial feed point.
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Fig. 5.30 Phase center locations of the corrugated microstrip dipole feed antenna; phase center
location d=0 is located 57 mm from the coaxial feed point.

To find the phase center location of the feed, the phase variations in the E- and Hplanes are examined, by changing the phase center location on the Z axis. By changing
the locations back and forth, the phase center location is selected. Fig. 5.30 shows the Eplane, H-plane and combined phase center locations for the corrugated microstrip dipole
antenna, which are indicated as dE, dH and dC, respectively. In this figure, d = 0 means the
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phase center location is 57 mm away from the co-axial feed point. The E- and H-plane
phase center locations vary with the aperture angle. The combined phase center location
is 0 mm from d = 0 point at 900, compared to 1 mm at 710.

5.4.4

Experimental Verification of the Corrugated Feed

To verify the simulated results presented in previous section, the feed antenna was
fabricated and tested at the University of Manitoba antenna laboratory. The dimension of
the fabricated antenna substrate was 36 x 80 mm2 with εr = 2.5, loss tangent (tan δ) =
0.002 and thickness t = 1.58 mm. All other parameters are selected as the simulated
antenna parameters. Figs. 5.31 (a) and (b) show the top and bottom views of the
fabricated antenna.

(a)

(b)

Fig. 5.31 The fabricated corrugated micorstrip dipole feed antenna; (a) top view, (b) bottom view.
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Fig. 5.32 The S11 of the corrugated microstrip dipole feed antenna.

Fig. 5.32 shows the measured and simulated S11 of the antenna. The measured -10 dB
S11 bandwidth is from 2.75 GHz to 3.62 GHz that means the impedance bandwidth is
27.3%. The simulated impedance bandwidth of the antenna was 23.5%. Thus there is a
good agreement between simulated and measured bandwidths. The measured results for
the E- and H-plane radiation patterns of the feed have not been included because of the
back radiation properties of the feed.

5.4.4.1

Corrugated Dipole
Dipole Feed Performance with a Reflector

The feed antenna was also measured with the 45 cm reflector of f/D = 0.25, available
in the laboratory. The measurement setup is same as described in 4.2.6.2. The gain
pattern of the corrugated dipole feed is shown in the Fig. 5.33, where the solid line shows
the measured gain and the dashed line shows the best fit case. The gain is increasing with
frequency from 2.6 GHz to 3.2 GHz and then decreasing after that frequency. The figure
shows that the maximum gain found at 3.06 GHz is 21.2 dBi, which is almost 1 dB
higher than that of the microstrip dipole feed antenna of Fig. 4.19.
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Fig. 5.33 Measured gain of the 45 cm reflector with the corrugated microstrip dipole feed antenna for
different frequencies.

The radiation patterns of the reflector at 3.06 GHz are shown in Fig. 5.34. The E- and
H-plane radiation patterns of the reflector-feed are almost equal. This is because of the
symmetric nature of the feed antenna.
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Fig. 5.34 Measured radiation patterns of the 45 cm reflector with the corrugated microstrp dipole
feed antenna at 3.06 GHz.

Fig. 5.35 (a) and (b) show the measurement setup and S11 of the feed with reflector
antenna. The figure shows that the reflector-feed is matched at 3 GHz. The impedance
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bandwidth of the reflector-feed at -10 dB point is from 2.6 GHz to 3.52 GHz, i.e. 30%. At
3.06 GHz, S11 is -22.1 dB, which corresponds to 0.03 dB mismatch loss.
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Fig. 5.35 Measured S11 of the corrugated microstrip dipole feed antenna on the 45 cm reflector.

The gain of the reflector is 21.2 dBi at 3.06 GHz, which includes the feed mismatch
and external feed line losses. Excluding these losses the actual reflector gain increases to
21.4 dBi, which corresponds to an efficiency of 66.4%, at the feed input after the SMA
connector. Table 5.8 shows the analysis of the reflector gain, and magnitude of various
losses for different frequencies. The co-axial cable loss is 0.2 dB. The overall efficiency
of the antenna is almost the same for all three frequencies.
Table 5.8 Measured gain, losses and efficiency of the corrugated micostrip dipole feed antenna with a
45 cm reflector at three different frequencies.
2.9 GHz

3.06 GHz

3.3 GHz

Measured Gain

20.5 dBi

21.2 dBi

21.3 dBi

Mismatch Loss

0.04 dB

0.03dB

0.03 dB

Coaxial Cable Loss

0.2 dB

0.2 dB

0.2 dB

Gain at Feed Input

20.7 dBi

21.4 dBi

21.5 dBi

Antenna Efficiency

62.9%

66.4 %

58.4%
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Summary

In this chapter, modified microstrip dipole feed antennas were designed to equalize
the E- and H-plane radiation patterns. Two different techniques, bent micostrip dipole
antenna and corrugated dipole antenna were used for this purpose. In the bent microstrip
antenna, the dipole arms were bent to the direction of radiation, which changed the
surface current distribution, affecting the radiation characteristics and making the pattern
equal. The radiation patterns were equal up to 580. This antenna provided back lobe level
of -8 dB, which was high. To improve the back lobe level, another dipole-reflector was
added with the antenna retaining pattern equalization. The improved radiation patterns
were equal up to 710 with back lobe level of -17.5 dB. In both cases, the efficiency of the
antenna was almost the same as the micrsotrip dipole antenna case. The impedance
bandwidths of these antennas were narrow and radiation patterns degraded after the
center frequency. To improve the input impedance, while retaining pattern equalization,
the corrugated microstrip dipole feed antenna was designed. This feed provided 23.5%
impedance bandwidth, which was higher than the previous case, and the radiation
patterns were equal up to 900. As a result, the gain factor of the antenna was improved in
this case. The feeds were fabricated in the laboratory and measured with the 45 cm
reflector of f/D = 0.25. The gain of the reflector was found to be 21.4 dBi, at 3.06 GHz
and the efficiency of the antenna was 66.4%.

Chapter 6
Summary, Conclusions and Future Work

6.1

Summary and Conclusions

In this thesis, two new types of electrically small feeds, slotted circular waveguide
feeds and microstrip dipole feeds, were designed and studied. For the slotted circular
waveguide feeds, the primary objectives were to design feeds with smaller waveguide
diameter (0.7 λ0), with symmetrical E- and H-plane radiation patterns and improved gain
factor. Two different types of slots, the E- and H-plane slots, were used at the open end of
the waveguide. As the slots were etched on the waveguide wall, the overall dimensions of
the feeds were not changed. To investigate the best possible slot size, slot width was
varied and the feed performance was studied. For the E-plane slotted case, at fr = 10
GHz, the optimum results were found, when the slot width was 18 mm and height was 2
mm. In this case, the -10 dB beamwidth for both in E- and H-planes were found to be
1580. The cross-polarization at 450 plane and back lobe levels were -26 dB and -12.9 dB,
respectively. For the H-plane slot case, the optimum results were found, when the slot
width was 18 mm and height was 4 mm. In this case, the -10 dB beamwidth for the E-
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and H-planes were found 1460. The cross-polarization at 450 plane and back lobe levels
were -20 dB and -11.1 dB, respectively.

The performance in terms of spillover

efficiency, illumination efficiency and gain factor of the feeds was evaluated. The gain
factor of the E-plane slotted feed was found to be 66.4%, at the aperture angle of 730, and
for the H-plane slotted feed, it was 70.3% at the aperture angle of 670. The results showed
the symmetrical radiation patterns with improved gain factor especially for the H-plane.
The performance of the feeds with frequency variation, in terms of gain factor was also
studied, and it was shown that the feeds had stable performance within a 10% frequency
band. The phase center of the antennas was determined and showed that it was inside the
waveguide with its location changing with the slot height. Therefore, using slots with the
waveguide improved the radiation characteristics, and gain factor of the antenna. A
sample feed with slot dimension of w = 18 mm, and h = 2 mm, was fabricated and
evaluated in the antenna laboratory. The measured results showed good agreement with
the simulation results.
Further improvement in terms of the gain factor was achieved using chokes with the
slotted circular waveguide feeds. Slots in the waveguide wall equalized the E- and Hplane radiation patterns, while chokes reduced its cross-polarization and back lobe level.
The E- and H-plane slotted feeds with a single choke was designed and simulated. It
achieved symmetrical radiation patterns with low cross-polarization. The results showed
that -10 dB beamwidths for both E- and H-planes of the E-plane slotted case reduced to
1340 and for H-plane slotted cases reduced to 1350. The cross-polarization and back lobe
level for the E-plane slotted cases were -33.5 dB and -25.1 dB, respectively, and for the
H-plane slotted case -22.4 dB and -13.3 dB, respectively. Therefore, the beamwidths, the

6.1

Summary and Conclusions

177

cross-polarization and back lobe levels were all decreased from previous case. As a
result, the gain factor of the antenna was improved to 72.8% and 70.5%, respectively for
the E- and H-plane slotted cases. The phase center of the antennas was also determined.
For the E-plane slot case, it was found to be outside the waveguide aperture, and for the
H-plane slot case, it was at the waveguide aperture. After evaluating the results, a feed
antenna whose slot dimensions were w = 18 mm and h = 4 mm, and choke dimensions g1
= 1 mm, ch = 7.5 mm, was fabricated and evaluated in the antenna laboratory, and
measured results showed good agreement with the simulation results.
Slotted circular waveguide feeds with a cavity were also investigated. It equalized the
E- and H-plane radiation patterns for wider beamwidths. The E- and H-plane slotted
feeds with a cavity, whose dimension were ch = 17 mm, g1 = 18.5 mm were designed and
simulated. The -10 dB beamwidths of the E- and H-plane slotted case were 1520 and 1500
respectively. The cross-polarization and back lobe levels for the E-plane slotted case
were -23.1 dB and -18.3 dB, respectively and for the H-plane slotted case were -27 dB
and -16.1 dB, respectively. The feed produced sectorial shape radiation patterns which
ultimately increased the beamwidths. The gain factor of the E-plane slotted feed was
found to be 77.6% at an aperture angle of 680, and for the H-plane slotted case, it was
78.5%, at aperture angle 670. The phase center location of the feeds were also determined
and showed that, it was 3 mm inside the waveguide aperture for the E-plane slotted case,
and 1 mm inside the aperture for H-plane slot case. The back lobe level of the feeds was
high. To improve the back lobe level, slotted circular waveguides with a choke in the
cavity wall was designed and simulated. The -10 dB beamwidths of the E- and H-plane
slotted case remained the same as the previous case. The back lobe level of the E- and H-
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plane slotted cases also remained the same. The back lobe level of the E- and H-plane
slotted feeds, with chokes in the cavity wall were -25 dB and -21.5 dB, respectively.
Therefore, the feeds showed good radiation characteristics with improved back lobe
levels.
The second part of the thesis investigated the design and performance of printed
dipole feed. For this case the primary objective was to investigate and design a feed for
backward radiation. This feature provided a feed with simple mounting mechanism on
the reflector by eliminating the strut support. Therefore, microstrip feeds were studied not
only for their light weight, but also for the ease of assembly on the reflector system. The
feeds were designed on a substrate, based on classic Yagi-Uda antenna, where a dipolereflector was used to provide the backward radiation (radiation toward feed line). The
dipole-reflector, one of the dipole arms and one of the parallel transmission lines were on
one side of the substrate. The other dipole arm, ground plane and other transmission line
were on the other side of the substrate. The feed antenna was designed for 3 GHz
frequency range and a parametric study was performed to investigate the effects of
various input parameters on its input impedance and radiation patterns. The study showed
that for the dipole arm, the length was important as it determined the operating frequency
of the feed. At 3 GHz, the length was 22.1 mm. The dipole width was also important in a
way that it affected the S11 of the antenna. The best result in terms of S11 was found when
the width was 12 mm. The length of the dipole-reflector was slightly larger than the
driver element. The width of the dipole-reflector was important as it affected the back
lobe level of the feed. The length and widths of the dipole-reflector were selected as 45
mm and 10 mm, respectively. The length of the transmission line was set at 23 mm after
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several iteration processes. The width of the transmission line was set at 4.2 mm to match
with 50 Ω line. The ground plane was located on one side of the substrate, which was
tapered / truncated shaped. The optimum size of the ground plane was set at 16 mm. The
feed antenna was designed and simulated with a substrate with thickness of 1.58 mm, and
εr = 2.5. The -10 dB S11 bandwidth of the feed was from 2.78 GHz to 3.26 GHz, which
meant the impedance bandwidth of the antenna was 16.5%. The -10 dB beamwidth for
the E- and H-planes were found to be 1290 and 2140, respectively. The cross-polarization
at 450 plane and back lobe levels were at -11.4 dB and -20 dB, respectively. The phase
center of the feed was determined to get optimized secondary patterns. It was found that
the phase center location was 23 mm from the co-axial feed point toward the Z-axis. The
performance of the feed antenna in terms of the gain factor, spillover and illumination
efficiencies was also studied. The gain factor was around 65% at f/D = 0.25 or 900
aperture angle, which was reasonable efficiency in the desired range. The performance of
the feeds, in terms of frequency was also studied, and shown that the feeds had stable
performance within the frequency band. The feed was also fabricated in the laboratory
and its S11 was measured with the network analyzer. The measured S11 was matched with
the simulation results. The feed antenna was measured with a 45 cm reflector with f/D =
0.25, available in the laboratory. The gain of the reflector was found to be 20.2 dBi at
3.06 GHz. After adding all losses with the measured gain, its efficiency was calculated to
be 55% and was found reasonable for a prime focus reflector.
The antenna bandwidth was improved by modifying the feed line width. The
modified feed line width was 1 mm, at the dipole arm end. After improving the input
impedance by modifying the feed line, the bandwidth increased to 29%, which was twice
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that of the original one. The modified feed was designed and fabricated in the laboratory.
The measured S11 of the antenna was matched with the simulation results. The feed
antenna was then measured with the 45 cm reflector. The gain of the reflector was found
to be 20.1 dBi at 3.08 GHz, corresponding to an efficiency of 53%.
The original microstrip dipole antenna showed asymmetric radiation patterns,
especially in the E-plane. The pattern symmetry was achieved by using the unequal
dipole arms. After some iteration, the length of the dipole arms was selected as 24.6 mm
and 19.6 mm, respectively. The antenna was simulated and showed -2.4 dB
improvements in the cross-polarization level at 450 plane. The effects of the substrate
parameters were also studied. It showed that the S11 of the antenna depended on the
substrate thickness t.
To miniaturize the microstrip dipole feed, two techniques were used: i) using slits at
the dipole arms and ii) changing shapes of the dipole arms. Using a single slit in the
dipole arm, about 11.17% size reduction was achieved. The -10 dB S11 bandwidth of the
size reduced antenna was 0.88 GHz or 27.8%. The radiation efficiency was not affected
with this size reduction technique. Further size reduction was achieved using more than
one slits in the dipole arm. The radiation efficiency was reduced with increasing slits in
the dipole arm. However, it remained above 90% for all cases. Another technique for the
size reduction was vertically extending the dipole arms. In this technique, the dipole arm
length was 17.5 mm and the dipole reflector length was 40 mm. The original dipolereflector length was 45 mm. Therefore, about 11.1% size reduction was realized for this
case. In order to further reduce the size, these two techniques were combined. A
miniaturized antenna was designed with two slits in a shaped dipole arm and about 20%
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size reduction was achieved. The antenna was simulated and the -10 dB S11 bandwidth
was 0.94 GHz or 28% impedance bandwidth was achieved. The radiation patterns were
also stable at 3 GHz frequency range. The miniaturized feed antenna was fabricated and
measured in the laboratory for a comparison with the simulations results. The simulation
and measured results agreed well. The feed antenna was measured with the 45 cm
reflector and the measured gain of the reflector was 20.3 dBi at 3.06 GHz or the
efficiency of the reflector was 55.2%.
The microstrip dipole feed was also modified for the dual frequency operation. The
original dipole arms were etched, which looked like a folded dipole arm and another
dipole arm was incorporated in this folded dipole arm. Thus a dual frequency operation
was achieved. The dual frequency microstrip dipole feed was designed for 3 and 3.5
GHz. The -10 dB S11 bandwidth was 10% at 3 GHz and 4.5% at 3.5 GHz. The radiation
patterns of the dual frequency feed were also satisfactory in both frequency bands. The
frequency of operation could be tuned by changing the length of the inner dipole arm.
The dual frequency feed was fabricated and measured in the laboratory. The measured
and simulated S11 agreed with each other. The dual frequency feed was also measured
with the 45 cm reflector and the reflector efficiency was 55.2% at 3.08 GHz and 55.3% at
3.52 GHz, respectively.
The main limitations of microstrip dipole feeds were unequal E- and H-plane
radiation patterns which were the cause of low aperture efficiency.

The modified

microstrip dipole antennas were designed to equalize the E- and H-plane radiation
patterns. Two different techniques were used for this purpose. First, the microstrip dipole
arms were bent to the direction of radiation, which changed the surface current
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distribution affecting the radiation characteristics, making the patterns equal. The feed
antenna was designed similar to microstrip dipole feed, except the dipole arms were bent.
The simulated -10 dB S11 bandwdith was 0.1 GHz or 3.3%. The radiation patterns of the
feed antenna were equal up to 580 at 3 GHz. The cross-polarization level at 450 plane and
back lobe level of the antenna were -13 dB and -8 dB, respectively. The performance of
the feed in terms of the gain factor, spillover and illumination efficiencies was studied.
The gain factor was found to be 63.2% at f/D = 0.41 or at an aperture angle of 630. The
phase center of the feed antenna was also determined to get optimized secondary patterns.
The feed antenna was fabricated in the laboratory. The measured results agreed with the
simulation results. The feed was also measured with the 45 cm reflector and the gain was
found to be 19.8 dBi at 3 GHz or 52% efficiency was achieved.
To improve the back lobe level, another dipole-reflector was added with the bent
dipole antenna, retaining pattern equalization. The simulated -10 dB S11 bandwidth of the
double dipole-reflector feed was 0.09 GHz or 3% impedance bandwidth was achieved.
The radiation patterns were equal up to 710 at 3 GHz, with back lobe level of -17.5 dB.
The cross-polarization level at 450 plane was the same as the previous case. The
performance in terms of the gain factor, spillover and illumination efficiencies was
studied. The gain factor was 62.3% at f/D = 0.32 or an aperture angle of 760. The phase
center of the feed was also determined. The double dipole-reflector feed was fabricated in
the laboratory. The measured results agreed with the simulation results. The feed was
measured with the 45 cm reflector and the gain was found to be 20.4 dBi at 3 GHz, or
55% efficiency was achieved.
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The input impedance bandwidth of these bent microstrip dipole antennas was narrow
and radiation patterns degrade after the center frequency. To improve the input
impedance, while retaining pattern equalization, the corrugated microstrip dipole feed
was designed. The -10 dB S11 bandwidth of the antenna was 0.76 GHz or 23.5%
impedance bandwidth was achieved. The radiation patterns of the feed were equal up to
900. The cross-polarization level at 450 plane and back lobe levels of the feed were -13
dB and -24 dB, respectively. The radiation efficiency of the feed was also simulated and
it was found to be 98.2%. The performance in terms of the gain factor, spillover and
illumination efficiencies was calculated. The gain factor was 68.9% at f/D = 0.24 or 920
aperture angle. The gain factors for other frequencies were calculated and their value was
closed to each other, which indicated the stability of the feed. The phase center of the
corrugated dipole feed was also determined. The feed was fabricated in the laboratory.
The measured results agreed with the simulation results. The feed was measured with the
45 cm reflector and the gain of the reflector was found to be 21.4 dBi at 3.06 GHz, or the
efficiency of the reflector was 66.4%.

6.2

Summary of Contributions

Two different types of feed categories, slotted circular waveguide feeds and
microstrip dipole feeds were designed and studied. Slotted circular waveguide feeds were
simple, and their diameters were unchanged, so the feeds were easy to fabricate. The
potential contributions related to circular waveguide feeds are summarized as follows:
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Slotted circular waveguide feeds (a = 0.35 λ0) equalized the E- and H-plane
radiation patterns and improved their gain factor.



Slotted circular waveguide feeds with a single choke showed equal radiation
patterns with improved gain factor. Multiple chokes were used for further
gain factor improvement.



Slotted circular waveguide feeds with a cavity showed equal radiation
patterns with wider beamwidths. This kind of feeds is suitable for deep
reflectors.

The performance of slotted circular waveguide is excellent. However, they need struts
support and it is hard to integrate them with other circuitry. Therefore, the second
categories of feeds, the microstrip dipole feeds, were designed, which were new
backward radiating feeds. The primary advantages of these feeds were low profile, simple
structure, low cost, ease of fabrication and mount with RF circuits. As the feeds were
radiating backward, they were mounted on the reflector using a semi rigid cable and thus
eliminated the struts support. The potential contributions related to microstrip dipole
feeds are summarized as follows:


Microstrip dipole feeds were introduced as a new backward radiating feeds,
which were designed for reflectors with elliptical apertures.



Demonstrated the technique for improving the radiation pattern symmetry
about the boresight axis of the microstrip dipole feed.



Designed and investigated the input impedance broadening, size reduction
and dual frequency operation of the microstrip dipole feed.
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Modified microstrip dipole feeds were designed and investigated for radiation
pattern equalization so that the feeds could be used with circular symmetric
reflectors.

6.3

Future Work

This thesis dealt electrically small feed antennas for prime focus reflectors. While the
primary findings of these feeds were implemented, there are some areas, which need
further investigation. The circular waveguide used in this research had a radius of 0.35 λ0,
and wall thickness of 1 mm. The effects of the slots with other waveguide diameters and
wall thickness were not investigated and therefore can be explored for further study. For
slotted waveguide with choke, the waveguide face and choke face were on the same
level. However, the effects of choke height with respect to waveguide face can be
investigated. In case of multiple chokes, slots were used only with the waveguide. But the
effect of slots at choke wall may be studied. The same studies might be done for multiple
cavity feed case.
For microstrip dipole feeds the cross-polarization level of the feed was reasonable but
not low. Further study can be conducted to design a feed with low cross-polarization. The
bandwidth of the microstrip dipole feed antenna was 29%, which might be improved by
further study. The asymmetrical E- and H-plane radiation patterns, with respect to the
radiation axis, were improved by using unequal dipole arms. Further study is needed to
improve the radiation pattern symmetry with axis. At high frequencies, spurious feed line
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radiation increased the side lobe level of the feed. Therefore, further study is needed to
improve the side lobe level.
Microstrip dipole feed had inherently unequal E- and H-plane radiation patterns.
Equalization was possible by modifying the dipole arms. However, there are further
scopes to improve the pattern equalization of microstrip dipole feed. For bent microstrip
dipole cases, the input impedance bandwidth was very low, which can be improved by
further study. For corrugated microstrip dipole feed the cross-polarization level was
reasonable, further study is needed to improve the cross-polarization level. For the same
feed, the gain factor was high, beyond the aperture angle of 900 that means the feed is
also suitable for other antennas, such as the back fire antennas. A detail study might be
carried out in future on back fire antennas using this feed.
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