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Abstract

This thesis presents an exhaustive study of microstrip antenna elements and arrays as
feed for offset reflector antennas. Offset reflector antennas are popular due to their low
aperture blockage and good isolation between the feed and the reflector. However, the
asymmetry in offset reflector geometry also leads to depolarization of the incident waves
on the reflector, thereby generating high cross-polarization in the asymmetric plane of the
reflector. Such high cross-polar levels can be reduced by generating a higher order mode
at an appropriate ratio in the reflector feed. This technique of cross-polar suppression is
known as conjugate field matching (CFM) and is often employed in traditional matched
horn feeds. Use of microstrip antennas as alternate feeds has generated much interest in
the research community due to their low profile, light weight and low cost attributes. The
TMs; mode, when generated at an appropriate ratio to the dominant mode in a circular
microstrip patch antenna (CMPA), has shown cross-polar suppression attributes due to

CFM.

This thesis investigates the performance of the matched feeds using microstrip antenna and
arrays working on the principle of CEFM. A total of 6 matched feed designs are proposed

in this thesis, which includes the following:

e A dual-mode (TM;; and TMy;) CMPA generating both the modes at an appropriate

ratio is designed for cross-polar reduction in the reflector pattern.

e A single layer centered circular array (CCA) of 9 elements as matched feed is proposed,
which consists of 8 TM1; mode operating ring CMPA elements and a central TMo;

mode generating CMPA.

e A dual-layer CCA matched feed of 10 elements is studied as matched feed, which
is further investigated for reflector pattern reconfigurability in terms of beamwidth

control and beam shifting. The top layer of CCA consists of 9 CMPAs each operating
TH-2472_146102025



in TM1; mode while the bottom layer contains a CMPA, placed below the central

element and operates in TMs; mode.

e A dual-layer CCA matched feed of 10 elements similar to the previous design is
investigated for dual-band application. The ring elements and the central dual-mode

CMPA elements operate at 4 GHz and 6 GHz, respectively,

e A dual-mode matched feed is designed in which the TMs; mode is generated by an
annular ring patch. The dimensions of the annular ring patch is adjusted for best

cross-polar suppression at the operating frequency.

e A dual-mode matched feed is designed in which the top layer consists of a rectangular

microstrip patch antenna generating TM1g mode and a CMPA generating TMs; mode.

In all the proposed matched feeds, the cross-polarization is reduced well below -30 dB while
maintaining the sidelobe level better than -18 dB. The last two designs are also optimised
for small offset reflectors (diameter less than 10\) and specifically targeted for 5G sub-6

GHz band applications.

Keywords: Offset reflector antenna, conjugate field matching, centered circular array,

matched feeds, dual-mode circular microstrip patch antenna, annular ring patch.
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1. Introduction

1.1 Introduction to Reflector Antennas

Reflector antennas have found widespread application in satellite communication, radar, weapon
systems, radiometry, cellular communication, medical applications, space communication, etc. due to
their high gain and narrow beamwidth attributes. These electrically large antennas (usually 20 — 70\
in diameter) are mostly used at frequencies higher than 1 GHz. At lower frequencies, the physical size
of these reflector antennas becomes bulky and present handling issues. A typical reflector antenna
section is basically a conic section i.e. it is either a parabola or a hyperbola or an ellipse or a circle [1].
These conic sections are used to generate reflector antennas through rotation around either of the
primary axes or translation along one of the primary axes. The main objective of these reflector
antennas is to collimate the microwave energy radiating from the feed into a narrow beam, with very
small amount of spillover energy.

Reflector antennas have a very long and enriched history. From legends, it is believed that parabolic
reflectors were used by Archimedis to concentrate sun’s heat rays and burn the Roman enemy ships in
212-215 B.C. The parabolic reflectors were also used in the earlier experiments conducted by Marconi
for his first patent in 1893 A.D. [1]. The extensive use of reflectors for developing radars during the
second world war, has led to the development of reflectors with various shapes. The different techniques
for their analysis were also developed during this period. After second world war, the demand for
parabolic reflectors grew for deep space exploration, radio astronomy and satellite tracking. Parabolic
reflectors were deployed all around the globe for deep space exploration, such as the 64-m radio
astronomy antenna at Parkes in 1961 A.D. In modern times, reflectors are used for almost all the

wireless point-to-point communications, digital broadcast satellite systems, space exploration, etc.
1.1.1 Offset reflector antennas

Reflector antennas can be classified into single reflector and multi-reflector antennas. Examples
of multi-reflector antennas include cassegrain and gregorian reflector antennas. In multi-reflector
arrangement, the feed is placed behind the main reflector and illuminates the sub-reflectors first. In
the single reflector antenna, the feed is placed in front of the reflector and can be further classified
as axial and offset fed reflectors. Although, the primary feed blocks the aperture of the reflector in
both the front fed cases, an offset reflector reduces the aperture blockage by placing the feed at an

offset angle («). These offset fed reflector further improves the isolation between feed and reflector,
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1.1 Introduction to Reflector Antennas

compared to its center fed counterpart. The offset fed reflectors are also easily deployable in satellites
and on the move applications. A typical offset reflector is shown in Fig. In Fig. primed
and unprimed coordinates correspond to parent paraboloid and offset coordinates, respectively. The
secondary coordinate system for the offset reflector is given by (r,¥,®). Further, the reflector shown
in Fig. is arranged such that the asymmetric plane is along ® = 90° and the symmetric plane is
along ® = 0°. Feed and reflector coordinates are represented by unprimed and primed coordinates.
Features like low sidelobe level, good aperture efficiency and high isolation between the feed and the
reflector make offset reflector a preferred option in low noise applications e.g. as VSAT (very small
aperture terminal) in satellite broadcasting systems. In addition to VSAT, such offset reflectors
also find applications in conventional satellite systems , and radars @ Large sized reflector

antennas are deployed for space exploration all over the globe.

N

X Reflector Focalplane | Y
\“'4‘ \“

D, diameter of ! \

projected

aperture

F

H. offset height

Feed at
focal point

F, focal length

Figure 1.1: Offset reflector antenna configuration.

Even with all the advantages of an offset reflector, it has one major disadvantage, which needs

careful consideration during its design. An offset reflector tends to suffer from depolarization effect

inherited due to its offset feed. This effect is severe for offset reflectors with small F/D ratio (F/D< 1).
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They produce high cross-polarization (> —25 dB) at the asymmetric plane of the reflector pattern,
when illuminated by a pure linearly polarized feed [2/{7]. In case of a pure circularly polarized wave exci-
tation, the main beam of the reflector pattern is squinted due to the depolarization effect [§]. In recent
times, the commercial communication systems usually employ polarization diversity for better utiliza-
tion of the available frequency spectrum. In such a scenario, the high cross-polarization component
will severely affect the quality of signals due to cross-talk. Further, even if the communication systems
does not employ polarization diversity, reduction in cross-polar components will improve the overall
efficiency of the antenna system. Thus, a proper mechanism to improve the cross-polar performance
in the reflector radiation pattern presents an attractive research problem. Several cross-polarization

mitigation techniques are reported in literature, some of which include the following:

e Since, high cross-polarization occurs mainly in offset reflectors with small F/D, maintaining
large focal-length-to-diameter ratio (F/D) and small tilt angle comes as an automatic choice to
minimize cross-polarization. However, in such cases, the reflector system becomes bulkier and

unsuitable for applications with space constraints. |2} 9].

e Polarization selective grid is another option used to suppress the cross-polarization in the reflector
pattern [10,|11]. It is placed between the feed and the reflector for cross-polar improvement.
In [10], Gregorwich et al. have investigated polarization selective reflector (PRS) system by
placing a wire reflector in front of the main reflector for cross-polar reduction. Two types of
polarization selective grids, namely straight strip grid and a curved strip grid are investigated
by Nakamura et al. in [11]. However, such grids add to the complexity level of the reflector

arrangement.

e Use of the conventional dielectric lens in front of feed horn is a way of reducing the cross-polar
power of an offset reflector antenna [12]. However, presence of a dielectric lens increases the

noise temperature and the system gain gets reduced.

e In [13,[14], Rudge et al. proposed a technique of improving the cross-polarization in the re-
flector pattern by combining higher order modes with the fundamental modes of a horn at an

appropriate ratio. The reflector feeds employing this technique are known as matched feeds.

This thesis further explores the concept of optimal field matching in the design and analysis of

multi-mode microstrip patch antenna elements and arrays as matched feed for offset reflector antennas.
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1.2 Literature Survey on Reflector Feeds

1.2.1 Depolarization effect in offset reflector antennas

As discussed previously, the depolarization effect in offset reflectors are responsible for high cross-
polarization in the asymmetric plane of the reflector pattern. The extent of this depolarization effect
depends on the value of the offset angle («). For a large «, the depolarization effect will be high, which
in turn will produce high cross-polarization and beam squinting in the reflector pattern for linear and
circularly polarized wave excitations, respectively. In [15], Chu et al. demonstrated the dependance
of the cross-polarized radiation on « using mathematical and experimental results. The reflected field

from the parabolic reflector using the geometrical optics [16], can be expressed as:
E, = —E; +2i(E;.7) (1.1)

where, E ¢ is the primary feed pattern and 7 is the unit normal to the reflector surface. Further, using
a balanced feed it is shown that the cross-polarization and beam-squint becomes zero when o = 0°

for linearly and circularly wave excitations, respectively.
1.2.2 Literature review of conventional matched feeds

A class of primary feed for offset reflectors is reported by Rudge et al in [14] to overcome this
depolarization effect in offset reflectors. This primary feed reported in [14] for an offset reflector
antenna is a tri-mode (TEq;, TM1; and TEg;) smooth-walled cylindrical horn antenna. This primary
feed is also known as matched feed and works on the principle of conjugate field matching (CFM).
CFM is achieved in this primary feed by addition of selected higher order modes (specifically the TEg;
mode) such that the asymmetric field component of the feed aperture is similar to that of the focal
plane electric field distributions in the offset reflector antenna. The excitation ratio between the higher
order modes and the dominant mode of the primary horn feed is then varied to obtain the optimal
field matching. At an optimum excitation ratio between the higher order modes and the dominant
mode, cross-polarization is reduced in the reflector pattern. Further details of CFM is provided in
chapter 3. It may be noted that good cross-polarization is achieved in [14] without increasing any
complexity or mass in the overall reflector design. This concept of field matching is later employed by
several other multi-mode horn feeds and are well documented in literature [5(13/17-31]. The matched

horn feeds reported in literature are of different shapes. Rectangular matched horns reported in [5,32]
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for offset reflectors. In [5], Sharma et al have designed a rectangular matched feed by adding the
TE1; mode at an appropriate ratio to the dominant TEp; mode. The matched feed is designed for
both linear and circular polarizations and has shown significant cross-polar improvement. In [32],
Jana et al designed a dual-mode (TE;; and TM;i;) rectangular matched feed for offset reflector to
achieve good cross-polar suppression upto 18 dB. Smooth walled-circular horn generating TE;; and
TE2; modes at an optimum ratio is discussed by Pour et al in [33]. This matched feed has reduced the
cross-polarization below -47 dB at both the planes (& = 90° and ® = 45°). Corrugated over-moded
horns use higher order hybrid asymmetric modes for achieving conjugate field matching [2328|. the
cross-polarization in the reflector pattern obtained for an optimum ratio of HEo; and HE;; modes is
better than -35 dB in both of the reported matched feeds. A summary of different mode combination

used for cylindrical, rectangular and corrugated horn is given in Table

Table 1.1: Different mode combination for optimum field matching in matched feeds using multi-mode horns

Feed structure type Plane of symmetry (x) Plane of asymmetry (y)
Smooth-walled cylinder TE11+TMj1+TE92; TE11+TM11+TE9;
Rectangular waveguide TE19g+TE9 TEo1+TE11/TM;
Corrugated cylinder HE;;+HE9; HE1;+HE9;

Apart from the mode combinations given in Michael et al. have proposed the use of TMy;
or TEp; mode instead of TEg; mode in [34,[35] for cross-polar suppression in the reflector pattern.
Recently, multihole directional couplers are proposed in [36] for design of broadband dual-polarized
matched feeds. The traditional multi-mode horns as matched feeds discussed earlier offer good cross-
polar suppression in the reflector pattern. However, these conventional feeds are often bulky, heavy
and have high profiles. Thus, for applications requiring lighter offset reflector system, there are
some alternate feeds investigated in literature. The most prominent among those alternate feeds are
microstrip based feeds. A review of the literature on such alternate feeds using microstrip antennas is

discussed in the next subsection.
1.2.3 Literature review on alternate feeds for offset reflector

Microstrip antenna due to its advantages such as: low profile, light weight, low radar cross-section,
ease in reproduction by the printed circuit technology, etc. is reported as alternate feed for offset
reflector in [37,38,38-55]. In [39,/40], Kona et al. have investigated stacked microstrip patch arrays

as feeds for spaceborne reflector antennas. These feeds are designed to operate at L-band frequencies

TH-2472_146102025
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of 1.413 GHz and 1.26 GHz for radiometer and radar applications, respectively. The inter-element
spacing and amplitude excitation of the microstrip array is optimized using PSO (particle swarm
optimization) algorithm. The cross-polarization in the reflector pattern is around -25 dB and is
insufficient for some of the modern day communication systems. In [42], a multilayered suspended
planar array is reported as dual-polarized reflector feed for direct broadcast satellite systems. The
gain and beamwidth of the reflector antenna fed by the planar array is found to be comparable with
that of a conventional horn feed. However, discussion on cross-polar performance of reflector pattern
when illuminated by such array feed is lacking. In [44], a pair of rectangular patches known as doublet
is used to reduce the cross-polarization in the reflector pattern. These pair of rectangular patches are
excited using both the vertical and horizontal polarization at an appropriate ratio. The excitation
ratio is maintained such that the cross-polarization in the reflector pattern gets reduced. Although,
the ’doublet’ feed reduces cross-polarization, the feeding network required for such an array is complex.
In [56], a focal plane array of sequentially rotated linearly polarized elements is proposed as feed for
an offset reflector with F//D = 0.3. The amplitude and phase of the array elements are optimized to
reduce beam squinting in the reflector pattern. Though, the focal plane array has successfully reduced
the beam squinting by 0.0935 degree, the circuit components required to implement the required
element excitation is very complex. Thus, the alternate feeds using microstrip antennas reported
either overlooks cross-polarization in the reflector pattern or a complex feed network is required to
achieve a good cross-polarization.

In [57,58], Kanso et al. proposed electro-magnetic bandgap (EBG) antennas as feed for offset
reflector antennas with very high F/D ( > 1.2). These EBG antennas are in turn fed by either horn
or microstrip antennas for multibeam and dual-band applications. Although, the reflector antenna
with EBG feeds provide good directivity, they are developed only for smaller offset angles. Further,
the use of microstrip or horns to feed these EBG antennas further increases the complexity level.
The existing literature for alternate feeds is limited to arrays of dominant mode operating microstrip
patches. However, these misrostrip based feed for the offset reflectors can be designed by adopting an
approach similar to the traditional multimode horn feeds. Some of the existing multi-mode micrsotrip
antennas used for applications other than as reflector feeds are discussed next. This review will lay

down the base of multimode microtrip antenna feeds for the offset reflectors.
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1.2.4 Literature review on some recent multi-mode microstrip antennas

In [59-65], multi-mode generating CMPA are reported recently in literature for MIMO applications
[60], beam scanning applications [61,63] and for increasing the gain of an antenna [59,/65]. In [60],
two compact CMPA designs are presented for MIMO applications, namely a dual-mode (TM;j; and
TMp; mode) CMPA and a tri-mode (TMj;, TMy; and TMg; mode) CMPA. Multimode microstrip
patch antennas are widely popular for beam scanning applications due to their pattern reconfigurability
features. The pattern reconfigurability is achieved in such antennas by selective excitation of dominant
or higher order modes. The higher order modes selected for beam scanning applications are usually
conical pattern generating modes. Juyal et al. in [5965] have used higher order modes generating
broadside pattern at an appropriate ratio with the dominant mode of microstrip antennas for gain

enhancement.

1.3 DMotivation and Problem Formulation

From the literature survey done on the offset reflector antenna feeds, it can be inferred that
conventional multi-mode horn antennas of different geometries as matched feed can suppress the
cross-polarization in the reflector pattern. However, these multi-mode horns are heavy and have
high profile. Alternated feeds for offset reflector with lower profile and light weight are desirable
for certain applications such as satellite and space communications. Although, EBG antennas and
microstrip antenna arrays are discussed as viable alternatives to the bulky horn antennas in some recent
literature, matched feeds using multi-mode microstrip antennas are seldom discussed. Moreover, some
multi-mode microstrip antennas are already reported in literature for applications such as MIMO
and pattern reconfiguration. Hence, a thorough investigation of multi-mode microstrip antennas as
matched feeds for offset reflectors presents an attractive research problem. Following are some of the
problem statements formulated for design of new matched feeds for offset reflector antennas using

microstrip antennas:

I’Z Investigation of dual-mode microstrip patch antennas with different geometries as matched

feed for offset reflector antennas.

IZ Investigation of arrays with multi-mode microstrip patch antenna elements as matched feeds

for offset reflector antennas.
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I’= Investigation of array feeds for offset reflectors which can provide pattern reconfigurability

along with reduced cross-polarization.

I’= Investigation of dual-band array feeds for offset reflectors with cross-polarization better than

-30 dB.

I’ Investigation of matched feeds for smaller reflectors (diameter< 10\) for 5G applications.

1.4 Contribution of the Thesis

The thesis contains a detailed study of the various factors influencing the cross-polar suppression
using optimum field matching. A dual-mode (TM;; and TMy;) circular microstrip patch antenna has
been investigated as matched feed for offset reflector antenna. Three new circular array designs are
proposed as reflector feed in this thesis for single frequency, dual frequency and beam reconfigurability
applications. A dual-mode (TM;j; and TMs;) microstrip patch antenna in which annular ring patch
generates the TMs; mode at an appropriate ratio is reported as matched feed. Another matched feed
using rectangular and circular microstrip patch antenna is designed for cross-polar suppression. The
reflector feeds are extensively analyzed using analytical, simulation and experimental results. Finally,

the key contributions of the thesis can be summarized as:

e Investigation of conventional antenna arrays as offset reflector feeds using aperture method and

HFSS-PO. (Chapter 2)

e Design of a dual-mode circular microstrip patch antenna (CMPA) as matched feed. (Chapter

3)
e Design of a single layer circular array matched feed. (Chapter 4)
e Design of a matched feed with pattern reconfigurable properties. (Chapter 4)
e Design of a dual-band offset reflector feed. (Chapter 4)

e Design of a matched feed using annular ring antennas for generating higher order mode. (Chapter

5)

e Design of a matched feed using rectangular microstrip patch antenna (RMPA) for dominant

mode and CMPA for higher order mode. (Chapter 5)
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1.5 Organization of the Thesis

The rest of the thesis is organized as follows:

Chapter 2: Investigation of Conventional Microstrip Array Feeds

This chapter presents an initial investigation of antenna arrays with only fundamental mode op-
erating microstrip antennas as feed for an offset reflector antenna. A MATLAB code is developed
using GO (geometrical optics/aperture integration) technique to calculate the secondary radiation
pattern of the offset reflector antenna for a given feed pattern. Antenna array parameters such as
amplitude and inter-element spacing are varied to study their effect on the cross-polar performance in
the reflector pattern. Both linear and planar array configurations with TM1; mode CMPA elements
are investigated exhaustively as offset reflector feeds. This study led to the conclusion that, from the
perspective of cross-polar reduction of offset antennas, conventional arrays can only provide limited
improvement.

Chapter 3: Introduction to Dual-mode Circular Microstrip Patch Antenna Feeds

In this chapter, performance of a dual-mode circular microstrip patch antenna (CMPA) as matched
feed for an offset reflector antenna is investigated. The proposed dual-mode CMPA is a stacked
configuration of two CMPA patch layers. The upper patch operates in the fundamental mode (TMj;
mode), where as an asymmetric higher order mode (TMs; mode) is generated by the lower patch. The
excitation ratio between the two modes is optimized for an optimum match between the asymmetric
field component at the feed aperture and the projected aperture of the reflector.

Analytical expressions for the radiation pattern of the proposed dual-mode CMPA feed is obtained
using basic cavity model. The analytical feed model is then used to calculate the secondary radiation
pattern of the offset reflector using the MATLAB code developed in the previous chapter. The
matched feed is simulated in both HFSS and CST, and the corresponding reflector pattern is obtained
in HFSS-PO.

Chapter 4: Circular Array of Circular microstrip Patch Antenna as Matched Feeds

This chapter will discuss three different centered circular array (CCA) structures as matched feed
for offset reflectors. A single-layer CCA of 9 CMPA elements is investigated as matched feed for offset
reflector antennas. The CCA consists of 8 TM1; mode operating CMPA and the central CMPA element
generating TMo; mode. The asymmetric higher order mode is generated at an appropriate ratio to

obtain the required conjugate field match. The proposed feed has reduced the cross-polarization in
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the reflector pattern below —33 dB.

A dual-layered microstrip based matched feed array for an offset reflector is also proposed which
can be used for controlling the beam-width and beam-shift of the reflector pattern. The top layer
of the proposed feed consists of 9 circular microstrip antennas operating in TM;; mode arranged
in a centered circular array configuration. The second layer contains a circular microstrip antenna
operating in TMy; mode and located below the central element of the circular array. The excitation
ratio between the higher order mode and dominant mode patches is varied to achieve a low cross-
polar level at the asymmetric plane by using the concept of conjugate field matching. The effect of
circular array radius on the reflector pattern of the offset reflector with focal length to diameter (F/D)
ratio equal to 0.7 is investigated to find the optimum radius of the circular array. An investigation
has been done to show that by exciting selective array antenna elements, beamwidth and beam shift
reconfigurability in the reflector pattern can be achieved, while maintaining the cross-polar level below
-38 dB. A maximum beam shift of 0.4° ( approximately 31% of 3 dB beamwidth ) from the principal
axis has been achieved in the reflector pattern.

A dual layer centered circular array is investigated as dual-band feed for an offset reflector with
F/D = 0.8. The proposed feed consists of a central dual-mode (TM;; and TMs;) CMPA operating
at 6 GHz and a ring of 8 TM1; mode generating CMPA elements operating at 4 GHz. The reflector
cross-polarization at 6 GHz is reduced by having an optimum ratio between the two modes. Further,
the optimum radius of the circular array is also obtained such that the cross-polar levels at both 4 GHz
and 6 GHz are below -30 dB. The reflector gain is better than 37 dBi at both the resonant frequencies
for an offset reflector with a projected diameter of 2.5 m and F/D = 0.8

Chapter 5: Other Matched MPA Feeds for Offset Reflector Antenna

This chapter discusses in brief two more microstrip matched feeds, designed for 5G application.
The offset reflector under study is relatively smaller (10A) in comparison to the previously discussed
reflectors and the feed is designed for 5G sub-6 GHz frequency band. The smaller dimension is chosen
due to the space constraint in base stations for cellular communication. The first proposed stacked
microstrip feed consists of a circular patch generating TM1; mode at the top and an annular ring patch
under it generating TMy; mode. Generation of both these modes at an appropriate ratio provides good
cross-polarization in the reflector pattern. A parametric study is performed to obtain the required

mode excitation ratio and patch dimensions of the proposed matched feed to achieve the optimum
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cross-polarization. An asymmetric coupled field is generated on the upper patch from the lower patch
for certain combinations of both the patch dimensions. The strength of this coupled field and its
effect on the overall cross-polarization is investigated by varying the inner radius of the annular ring
patch. It is found that this coupled field has significant impact on the cross polar performance of
the offset reflector. The coupled field has a field configuration similar to TEg; mode. The second
proposed feed consists of a dominant mode operating rectangular patch at the top layer and a TMgg
mode operating circular patch at the bottom layer. Both the microstrip patches are excited using
two different ports and the excitation ratio between the two ports is varied to obtain the conjugate
field matching, required for cross-polar suppression in the reflector pattern. Optimum excitation ratio
between the two generated modes are obtained through a parametric study for three different F'/D
(focal length to diameter) values of 0.4, 0.6 and 0.8. The proposed matched feed is a low cost matched
feed designed on FR4 substrate and its feed pattern is obtained using HE'SS and CST. The reflector
pattern of the offset reflector is calculated using geometrical optics technique and verified in HFSS-
PO. The cross-polarization in the reflector pattern obtained using both the geometrical optics and
HFSS-PO are better than -40 dB for an offset reflector with F//D = 0.6. A prototype of the proposed
matched feed is fabricated and the measured results show good agreement with the simulation results.

Chapter 6: Summary of thesis and future work

This chapter discusses the summary of the works reported in this thesis. Further scope of investi-
gation on certain extended topics of the current problem is provided in this chapter.

The organization of the thesis is also summarized in Fig.

1.6 Conclusion

This chapter presents a brief introduction to offset reflector antennas and the high cross-polarization
associated with them. A literature survey of various matched feeds and alternate feeds for offset re-
flectors is provided followed by the motivation for the thesis. The problem statements for the thesis
are discussed in this chapter. Further, major contributions of the thesis are also highlighted, followed

by the organization of the thesis.
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2. Investigation of Conventional Microstrip Array Feeds

2.1 Introduction

The literature review discussed in the previous chapter, presents microstrip antenna elements and
arrays as viable alternatives to the traditional horn feeds. Their light weight and low profile nature
make them an attractive option in applications with space and weight constraints. However, a major
challenge for such microstrip based reflector feeds in case of compact offset reflectors (F//D < 0.8), is
to obtain a cross-polar performance similar to that of the traditional horn feeds. An array provides
the flexibility of changing its radiated field by controlling a number of parameters. It would be
interesting to get an insight into how the variation of different array parameters effect the cross-polar
performance of an offset reflector antenna. With this motivation, in this chapter, an investigation of
the various aspects of conventional microstrip antenna arrays effecting the cross-polar performance
when used as feed for offset reflectors is performed. A MATLAB code is developed based on the GO
technique to calculate the reflector pattern from a given analytical feed pattern when the reflector
parameters (focal length, diameter and offset height) are known. The investigation of the microstrip
based reflector feed initiated with the study of a basic dominant mode operating circular microstrip
patch antenna (CMPA) as feed for the offset reflectors using both the MATLAB code and HFSS.
Thereafter, the various aspects of a microstrip antenna array feeds influencing the reflector cross-polar
performance are considered. The performance of these antenna array feeds are obtained by varying
amplitude excitation ratio, inter-element spacing, and types of array configuration. The analysis of
these array feeds are done for an offset reflector operating at 20 GHz, with a projected diameter (D)

= 0.75 m and clearance height (H) = 0.075 m.

2.2 Aperture Field / Geometrical Optics Technique for Reflector

Pattern calculation

Analysis of microstrip based feeds using only the commercial CAD simulators such as HFSS and
CST, requires a lot of computational time. On the other hand, study of the proposed microstrip feeds
using the cavity model analysis saves a lot of computational time and resource. Further, in [2], Rudge
et al. has shown that the focal plane fields of the offset reflector can be calculated from the analytical
model of the proposed feeds using some basic axis transformations. Ray optics or geometric optics

principles are used to find the aperture fields at the focal plane, taking into account the reflection
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of radiated field of the feed by the reflector. Fields outside the projected aperture is assumed to be
zero. Thereafter, the far-field pattern of the reflector is found from numerical integration of the focal
plane fields. Calculation of radiated field from the focal plane field is known as the aperture field
integration. Thus, using the analytical model of the proposed feeds and the GO technique, an initial
estimation of the reflector pattern for the offset reflector illuminated by the proposed microstrip
feed can be obtained. The GO technique can predict the cross-polar components till —50 dB and
first sidelobe quite accurately [66,(67]. It may be noted that the proposed feed and the corresponding
reflector pattern can also be obtained using HFSS. In HFSS, the reflector pattern is obtained using the
surface current integration technique/ physical optics (PO) which is different from the GO technique.
Thus, investigation of the cross-polarization in the reflector pattern using both HFSS-PO and the GO
technique are used in this thesis to validate the proposed microstrip feed performance.

A MATLAB code has been developed by us based on the GO (geometrical optics/aperture inte-
gration) technique discussed in [2] to calculate the secondary radiation pattern of the offset reflector
antenna for a given feed pattern. The mathematical details of the MATLAB code is given below.

Calculation of the focal plane aperture fields of the offset reflector from the given analytical feed

pattern by using the following expressions:

an(a’ ¢) K —ar b E@(ea QZ))

= (2.1)
Ea:p('ga ¢) b1 aj E¢(¢9, ¢)
where,
a; = (cos a + cosf) sin ¢,
by = sinfsina — cos ¢(1 + cosf cos a),
and

K = exp(—2kF/2F)
The reflector pattern can be calculated easily from the aperture fields obtained in (2.1)) by solving the
following expression numerically,

2w 0*

f(6,9) ://Eae:):p(—ijsin\I/)pzsin9d9d¢> (2.2)
0

0

TH-2472_146102025

17



2. Investigation of Conventional Microstrip Array Feeds

where,
B 2F
~ 1+cosfcosa —sinfsinacosd’

p

and

R = 20 cos® — p((sin 6 cos o cos ¢ + sin o cos ) cos ® — sin O sin ¢ sin ).

This MATLAB code can be used to calculate the reflector pattern of reflector with any dimensions,
if the analytical pattern of the feed is known. This proves extremely useful in cases of conventional

microstrip antenna elements and arrays, which have well defined analytical patterns.

2.2.1 Reflector pattern of an offset reflector with F//D = 0.6 fed by a single circular

microstrip patch feed

The reflector pattern of an offset reflector fed by an x-polarized CMPA is obtained using both the
MATLAB code and in HFSS-PO, for validation of the MATLAB code. The analytical field pattern of
a single CMPA operating in the fundamental mode (TM;j;) mode is obtained using the basic cavity
model and is expressed as:

E9mn(07 (15) —ijOS m¢(Jm—1(umn)_Jm+1(umn))

Epmn (0, ®) 3™ cos O sin mo(Jpm—1 (Umn ) + Jm+1 (Umn))

and

Ummn = koQymy Sin 6.

The values of a,, (effective patch radius) can be calculated from the roots of the Bessel function
and are also available in [68]. Fig. shows both the co-polar and the cross-polar component of the
reflector pattern obtained using the MATLAB code and HFSS-PO. The simulation results obtained
using both the techniques are in good agreement within the main beam of the co-polar component.
It may be noted that the primary feed generating only the fundamental mode will be termed as
unmatched feed in this thesis.

Further, the cross-polarization obtained at the asymmetric plane of the offset reflector with F/D =
0.6 is almost -22 dB. The cross-polar performance of the unmatched feed for different F/D is shown

in Fig. Thus, the cross-polar performance of the unmatched feed is poor for low F'/D ratio and
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=-#-- Copol (GO, MATLAB)
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Figure 2.1: Reflector pattern obtained using both the GO technique and HFSS-PO at & = 90°.

requires significant improvement.

2 ! ! ! ! @ ! @
-22‘ : . :
=23
-25

3 SO U UUUURU SUUUUURNUUIY e, OO UUOUNE SRR ST

Cross-polarization (dB)

-28

.29 i i 1 L 1 i
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
F/D ratio

Figure 2.2: Cross-polarization in the reflector pattern for different values of F'/D obtained using the MATLAB
code.

2.3 Conventional Array Feeds

A single unmatched CMPA feed shows poor cross-polar performance for offset reflectors with

F/D < 0.8. The nature of feed pattern for arrays with only the TM;; mode can be varied by
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2. Investigation of Conventional Microstrip Array Feeds

changing the array parameters (i.e. excitation distribution, inter-element spacing and the number of

array elements). In this section, the reflector cross-polar performance of the unmatched array feed is

investigated to obtain the optimum array parameters for linear (1-D) arrays and planar (2-D) arrays.

2.3.1 Linear array

At first, an investigation of the reflector pattern of an offset reflector antenna fed by a linearly

polarized 1-D microstrip array feed is performed. Here, we consider X-polarized CMPA elements

which are either placed along Y-axis or X-axis. The analytical expression of the array factor for a

linear array with N-elements along the plane of symmetry can be obtained as:

2 % I(n)cos[(2n — 1)u] N is even
AF = n;l
2 ngl I(n)cos[2(n — 1)u] N is odd

where,

”Td sinfcos¢ elements placed along X-axis
”Td sinfsing elements placed along Y-axis

and d is the inter-element spacing between the array elements.

2.3.1.1 Number of antenna elements and inter-element spacing

-18 : : , , . . :
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g —8—F/D=0.8 :
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Inter-elementspacing (in A)

(2.3)

Figure 2.3: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the

2-element linear array feed along Y-axis with x-polarized CMPA elements.
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Figure 2.4: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the
4-element linear array feed along Y-axis with x-polarized CMPA elements.
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Figure 2.5: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the
6-element linear array feed along Y-axis with x-polarized CMPA elements.

The number of antenna elements and the inter-element spacing are varied to investigate the cross-
polar variation in the reflector pattern. Fig. and shows the variation in cross-polar
performance with increase in the inter-element spacing (d) for 2, 4 and 6 element linear array along Y-
axis obtained using the MATLAB code. Irrespective of the number of array elements, the cross-polar
performance is found to be improved marginally (2-3 dB) for certain values of ’d’. This improvement
can be attributed to the variation in the main beam and first few sidelobes of the feed pattern which
are dependent on the value of ’d’. It may be noted that A\ here represents the free space wavelength.
The cross-polar variation in the reflector pattern for 2, 4 and 6 element array feed is also obtained
using HF'SS-PO for F//D = 0.6 and is given in Table. The nature of cross-polar variation obtained
in HFSS-PO is similar to the variation obtained using the MATLAB code.

A similar investigation on the cross-polar performance of the linear array along X-axis is performed
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2. Investigation of Conventional Microstrip Array Feeds

Table 2.1: Variation in cross-polarization with variation in number of elements and inter-element spacing
obtained using HFSS-PO

d
No. of lomei 0.5\ 0.6 0.7A 0.8\ A
2 -21.19 dB -22.81 dB -22.54 dB -22.74 dB -22.12 dB
4 -22.88 dB -21.68 dB -19.68 dB -22.4 dB -21.17 dB
6 -22.67 dB -21.76 dB -23.06 dB -22.03 dB -22.49 dB

using both the MATLAB and HFSS-PO. The cross-polar variation obtained using the MATLAB code
is shown in Fig. and Table [2.2] shows the variation obtained using HFSS-PO.

_16F | ——F/D=0.6 §
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= + . : : :
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Figure 2.6: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the
2-element linear array feed along X-axis with x-polarized CMPA elements.
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Figure 2.7: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the
4-element linear array feed along X-axis with x-polarized CMPA elements.

As shown in Table the cross-polarization in the asymmetric plane of the reflector pattern
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Figure 2.8: Variation in cross-polar levels in the reflector pattern with increase in inter-element spacing of the
6-element linear array feed along X-axis with x-polarized CMPA elements.

Table 2.2: Variation in cross-polarization with variation in number of elements and inter-element spacing
obtained using HFSS-PO

d
No. of clomai 0.5\ 0.6\ 0.7\ 0.8\ A
2 -18.19 dB -18.81 dB -19.54 dB -18.73 dB -18.56 dB
4 -19.38 dB - 19.05 dB -19.68 dB -19.26 dB -19.81 dB
6 -20.27 dB -20.57 dB -19.13 dB -19.71 dB -19.67 dB

does not vary significantly with the variation in inter-element spacing and the number of elements.
Thus, it is observed that variation in ’d’ in a linear array feed have marginal effect on the cross-polar

performance in the reflector pattern.

2.3.1.2 Variation in element excitation

Variation in the amplitude excitation distribution determines the feed beamwidth and the sidelobe
level, which may further effect the cross-polar performance of the reflector. Three types of element
excitation distributions are studied for cross-polarization: uniform distribution, binomial distribution
and Dolph-Tschebyscheff distribution. The linear array feed consists of 6 CMPA elements placed at
an equal spacing of 0.5\. Cross-polar performance of an offset reflector with F//D = 0.6 is studied for
the three types of element excitation distribution in the linear array feed.

As shown in Table the cross-polar performance in the reflector pattern improves marginally
in case of binomial distribution of excitation. Thus, for a linear array feed , the variation in the array
parameters has an incremental effect on the overall cross-polar performance.
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2. Investigation of Conventional Microstrip Array Feeds

Table 2.3: Variation in cross-polarization with variation in element excitation distribution in an offset reflector
with F//D = 0.6

Uniform distribution |[Binomial  distribu-|Dolph-Tschebyscheff
tion distribution
Cross-polarization  |-20.27 dB -21.81 dB -20.54 dB
(HFSS-PO)
Cross-polarization |-18.03 dB -18.50 dB -18.27 dB
(MATLAB code)

2.3.2 2-D Arrays of microstrip antennas

(a) (b)

Figure 2.9: (a) 3x3 square array and (b) simple circular array (SCA).

In comparison to the linear arrays, the 2-D planar arrays as feed for the offset reflector antennas,
offer more degrees of freedom which can be utilized to achieve better cross-polar suppression. In planar
arrays, square arrays and circular arrays are investigated in this section. The inter-element spacing
between the array elements in an array may play an important role in improving the cross-polar level.
The effect of inter-element spacing in both the types of 2-D array configurations as feed for the offset
reflector is investigated. Both the square array and the simple circular array (SCA) configuration are
shown in Fig The array configurations in Fig a) have nine elements each while the simple
circular array configuration in Fig b) has eight elements. All the elements of the array are excited

uniformly and are operating at 20 GHz.
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2.3 Conventional Array Feeds

2.3.2.1 Circular array

The radius of the SCA configuration is varied in order to obtain the best cross-polar performance
in the secondary radiation pattern of the reflector. The analytical expression for the array factor of a

simple circular array can be obtained as:

N
AF = Z I(n)exp jkorsin @ cos(né — ¢). (2.4)

n=1

where, £ is the angular separation between array elements. The parametric study of the array radius
for different F'/D using the MATLAB code is shown in Fig. [2.10, Fig. m shows the cross-polar
performance for different values of array radius(in \) for an offset reflector with F'//D = 0.6. The
best cross-polar performance for F//D = 0.6 is achieved using the MATLAB code and the HFSS-
PO for an operating frequency of 20 GHz is -25.98 dB and -25.48 dB, respectively. The optimum
cross-polarization obtained using both the MATLAB code and HFSS are relatively close in terms of
array radius as well. The parametric study shows that by placing the CMPA elements at an optimum

position (optimum array radius), the cross-polarization can be improved by almost 4-5 dB.

-15
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Crosg-polarization (dB)
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L
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35 | i ] 1 | I 1 1 L
05 055 06 065 07 075 08 08 09 095 1
Array radius (in wavelength )

Figure 2.10: Radius of circular array vs cross-polarization level in the secondary radiation pattern using
MATLAB code.

2.3.2.2 3 x 3 square array

The next planar array configuration investigated is a 3 x 3 square array. A parametric study on

the inter-element space, d is performed to obtain the optimum cross-polar performance in the reflector
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Figure 2.11: Radius of circular array vs cross-polarization level in the secondary radiation pattern using
HFSS-PO.

pattern. It is found that the best cross-polar performance is achieved using the MATLAB code when

the array feed has an inter-element spacing of 0.5\ as given in Figl2.12] Fig. [2.13] shows that using

HFSS, the optimum cross-polarization in the reflector pattern is obtained when the inter-element
separation is 0.6\.

Similar to its circular counterpart, the 3x3 array shows an improvement of 4-5 dB in the reflector
cross-polarization for an optimum inter-element spacing. Thus, both the planar array feeds show

an improvement in cross-polarization with respect to the linear arrays. However, the -25 dB cross-

Cross-polarziation (dB)

0.4 0.5 0.6 0.7 0.8 0.9 1
Inter-elementspacing (in 1)

Figure 2.12: Inter-element separation, d vs cross-polarization level in secondary radiation pattern using the
MATLAB code.
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Figure 2.13: Inter-element separation, d vs cross-polarization level in secondary radiation pattern using HFSS-
PO.

polarization obtained for an offset reflector with F//D = 0.6 is poor and needs further improvement.

2.4 Conclusion

An investigation of various aspects of array parameters influencing the reflector cross-polarization
is performed. From the parametric study performed using both the GO-MATLAB code and the
HFSS-PO, it is observed that arrays with only dominant mode operating antenna elements are unable
to improve the cross-polarization by more than 5 dB when the F/D ratio is kept small. Hence, the

subsequent chapters will incorporate a higher order mode microstrip patch antenna with an appropriate

excitation ratio to improve the cross-polarization.
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3. Introduction to Dual-mode CMPA Matched Feeds

3.1 Introduction

This chapter introduces a dual-mode (TM;j; and TMg;) circular microstrip patch antenna (CMPA)
as matched feed for offset reflectors. The analytical radiation pattern of the proposed dual-mode
CMPA matched feed is obtained using the basic cavity model. The choice of TMs; mode for cross-polar
suppression is justified through the concept of conjugate field matching. The offset reflector pattern
is obtained from the analytical pattern of the proposed dual-mode CMPA using the MATLAB code
developed in the previous chapter. A more exclusive analysis of the proposed CMPA matched feed is
carried out in HFSS and CST, and the corresponding offset reflector performance is evaluated using
HFSS-PO. The analysis of the proposed feed is done for an offset reflector with D = 50\, operating

at the Ka-band uplink frequency of 20 GHz.

3.2 Review of Conjugate Field Matching

Conjugate field matching (CFM) is a widely popular technique for cross-polar suppression in the
reflector pattern of an offset reflector. It works on the principle of conjugate matching between the feed
aperture field and the focal plane aperture field of the reflector. In case of an optimum field match, the
cross-polarization due to the asymmetry of the offset reflector gets cancelled. Thus, prior information
about the nature of field distribution at the focal plane is helpful in choosing the appropriate higher

order mode of microstrip patch antennas for matched feed design.

3.2.1 Focal plane fields of the offset reflector

D. J. Bem discussed the nature of the field distributions in the focal plane region of an offset
reflector fed by horizontal and vertical polarization in [69]. As per his analysis, cross-polar lobes
are created at the plane of asymmetry due to the offset nature of the reflector along the plane of
asymmetry. The transverse field components at the focal plane of the offset reflector when illuminated

by a pure linearly polarized feed is obtained though physical optics and is expressed as:

Ji(u') Dsina Jy(u')

Eor (v, ) = 2 " +J 7 " cos ¢o (3.1)
Dsina Jo(u') .
bt ) D) o
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Symmetric component Asymmetric component

Vertical

Horizontal

Figure 3.1: Focal plane field configuration of symmetric and asymmetric components when fed by incident
wave polarized in horizontal and vertical polarization.

where, J,,(u) is the Bessel function of order n and u’ represents the normalized distance to a point
in the focal plane. (r/,¢g) are the polar coordinates in the focal plane of the reflector and its origin
is at the geometrical focus. The multiplying constants are suppressed in [3.Tand [3.2] for simplification.
The magnitude of these cross-polar lobes depend on the offset angle o at which the feed is placed. At
«a = 0, the field distributions are similar to that of axial fed reflectors. The asymmetric component
of the focal plane fields will be due to the asymmetric component in the feed aperture fields. A
representative diagram of the focal plane distribution of the offset reflector fed by incident waves of

both horizontal and vertical polarization, is given in Fig.

3.2.2 TM,; mode as the asymmetric mode in the proposed matched feed

Now, an appropriate higher order mode in the CMPA is to be selected which has field distributions
similar to the asymmetric field component at the focal plane for an optimal field match. As observed
from Fig. the asymmetric field component resembles a TMs; mode distribution in CMPA. The

transverse aperture fields of TMg; mode for a CMPA are obtained from [68,|70] and expressed as:

Hy(u,¢) = KJ2£U) sin2¢ cosp — K'Jy(u) cos2¢ sin ¢’ (3.3)
H N JQ (u) . o, ’ ’ 4 ’ ’
y(u,0) =K .~ sin 2¢ sing + K'Jy(u)cos2¢ cos ¢ (3.4)
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where,
2we
K=—j—, (3.5)
ko
we
K = <<
J ko'
(u) represents a normalized distance parameter and (¢') represents a polar angle. At ¢ = 5, the

transverse aperture fields of TMo; mode can be expressed as

Hiy(u, ¢') = K'Jy(u) (3.6)
Hy(u,¢') =0 (3.7)
It may be noted that J,(u) and # have very similar general characteristics |2]. Based on the

similar field characteristics found in between the transverse asymmetric components of the focal plane
distribution and the aperture field distribution of a TMy; mode, we investigated a dual-mode (TMj;
and TMg;) CMPA as matched feed for offset reflectors. In the dual-mode CMPA, the TM2; mode is
excited at an appropriate ratio to the TM1; mode of CMPA for cross-polar suppression.

Further investigation on the performance of the dual-mode CMPA as matched feed is detailed in

the subsequent sections.

3.3 Proposed Dual-mode Matched Feed

As discussed in the previous chapter, a conventional un-matched antenna array with less number of
patch elements, seldom provides a cross-polarization better than —30 dB for compact offset reflectors
with F//D < 0.6. A different approach towards solving this problem is required and the solution
is found in the dual nature between the aperture field configuration of the microstrip and the horn
antennas. Thus, similar to the TEg; mode in dual-mode horns reported in [33], TMg; mode in CMPA
is also capable of cross-polar reduction. Further, this notion is already verified in the previous section.
This section will analyze the performance of the proposed dual-mode CMPA as matched feed using

its analytical feed pattern.
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Dominant mode Higher order mode
patch patch

Figure 3.2: Dual-mode circular microstrip patch antenna.

3.3.1 Analytical expression for far-field pattern of the proposed matched feed

The proposed dual-mode CMPA consists of two separate patch layers arranged as a stacked patch
antenna. The lower patch will generate TMo; mode and the TM;; will be generated by the upper
patch antenna as given in Fig. 3.2

The field pattern for an x-polarized dual-mode CMPA can be expressed using the cavity model for

the patch as:

Ey(0,9) Ep11(0, ) Oy | Eg21(0,0)
5 HEDE (39
Ey(0, ) Eg11(0, 0) L Ep1(0,9)
where,
E@mn(ea ¢) *ijOS mgb(Jmfl(umn)*Jerl (umn))

E¢mn(0>¢) J" cos 0 sin m¢(Jm—1(umn)+Jm+l(umn))
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and

Umn = koQmn Sin 6.

Here, ay,, represents the radius of the CMPA operating in TM,,,, mode. The values of a1; and
az for the proposed dual-mode CMPA are obtained using cavity model analysis given in [68]. The
excitation ratio Co/C1 between the two modes generated by the circular patch antenna can be varied
to obtain the required conjugate field matching for any offset reflector antenna configuration. As an
example, the proposed matched feed performance is evaluated by illuminating an offset reflector with

projected diameter of 50\ and an offset height of 5\, at an operating frequency of 20 GHz (Ka-band).

3.3.2 Secondary radiation pattern using GO

The secondary radiation pattern of the offset reflector is calculated from the analytical feed pattern
using the MATLAB code developed in the earlier chapter. A parametric study is performed to obtain

the optimum C5/C} ratio between the two modes for reduction in the cross-polar radiation of an offset
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Figure 3.3: Variation in cross-polar levels with variation in Cs/C} ratio.

TH-2472_146102025

34



3.3 Proposed Dual-mode Matched Feed

0 . ; . , % Copol (matched) at p=45" 0 . . . . s 94— Xpol (matched) at o=50"
. T Xpol (matched) st $=45" : ¢ Copol (matched) at d=50°
SF O Copol (matched) at ®=0" -5k — '~ Xpol (matched) at p=15"
—&—Xpol (matched) at H=20" : #  Copol (matched) at &=45"
—_ 10 Copol (matched) at ®=0" . Rt Copol (matched) at @=0°
93 a5k +  Xpol (unmatched) at o=90" Pg sk *  Kpol (unmatched) at F=90"
E Hpol (unmatched) at o=45" E Xpol (unratched) at o=45"
E-20 B 20f e J
= =
E -25 E 25 b o BT TR K ]
= =
I 7]
530 N300 4
= =
E -35 E 354 i
zZ z 4
-40 404 +
1 : : 4
A5t | # ‘ ......... 45 "
-50 50 i ! i i
-5 5 -5 -4 -3 2 -1 0 1 2 3 4 5
Theta (Degree Theta (Degree)
= 2T
(a) (b)

Figure 3.4: Cross-polar level at Cy/C7 = 0.5 for X and Y-polarized circular microstrip antenna.
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Figure 3.5: Optimum excitation ratio C/Cy for different values of F'/D ratio for X and Y-polarization.

reflector with F'/D = 0.6.

The variation in cross-polarization at both the asymmetric (® = 90°) and diagonal (® = 45°)
planes with different Cy/Cy ratio is shown in Fig. An optimum cross-polarization suppression is
obtained for the mode excitation ratio of Co/C1 = 0.5 at all the planes for both the x and y-polarized
waves. The secondary radiation pattern of the offset reflector with F/D = 0.6 fed by the dual-mode
CMPA for y-polarized waves and x-polarized wave are given in Fig. The cross-polar performance

is better than -40 dB at all the planes except at diagonal plane for an x-polarized wave. A cross-polar
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Figure 3.6: Optimum excitation ratio Cy/Cy for different values of H for F//D = 0.6 for X and Y-polarization.

suppression of more than 23 dB over the un-matched CMPA feeds is achieved at the asymmetric plane
for both the polarizations.

Values of C3/C) required for other F'/D ratios are also obtained and shown in Fig. The
magnitude of the TMsy; mode component required to achieve a match field decreases as the offset angle
() increases. Further, the extent of the cross-polar reduction in the reflector pattern for smaller F/D
is less.

The variation in cross-polarization with respect to increase in offset height (H) for F//D = 0.6 in
for y-polarized case and x-polarised case shows similar results in Fig. The trends are as expected
since an increase in H value increases the offset angle which in turn will require higher magnitude of
TMs; mode for cross-polar compensation. The investigation of the proposed dual-mode CMPA feed
using the analytical feed pattern presents its case as matched feed for the offset reflector. However,
the simple analytical feed pattern does not include the coupling between the two patch layers, which
may effect its performance as a matched feed. For a more exclusive analysis of the dual-mode CMPA,

commercial CAD simulators (HFSS and CST) are used in the subsequent section.

TH-2472_146102025

36



3.4 Investigation of Proposed Feed using CAD Simulators

Dielectric layers

Upper patch

‘ Coaxial feed ‘ ‘ Ground plane ‘

Figure 3.7: (a) Top view and side view of the dual-mode CMPA designed in HFSS and (b) Modal features of
both the patch (upper patch on the left and lower at the right) when excited individually.

3.4 Investigation of Proposed Feed using CAD Simulators

3.4.1 Stacked Dual-mode CMPA

The proposed dual-mode CMPA is designed in HFSS, as shown in Fig. The top layer consists
of a CMPA generating TM;; mode, while the higher order TMy; mode is generated by the CMPA at
the lower layer. Both the patch layers have a common finite ground plane. Both the substrate layers
containing the CMPA patches are similar in substrate properties (Arlon DiClad 880 with ¢, = 2.2
and height, h = 0.762 mm). The amplitude and phase of the modes generated at both the patches
are controlled separately by individual 502 excitation ports (port 1 for the top layer patch and port
2 for the lower layer patch). The CMPA modal features of lower patch generating TMo; mode for an
excitation in port 2 only, resembles the required asymmetric field component on the aperture of the
proposed matched feed and is shown in b). As shown in Fig. the return losses obtained at
both the ports using HFSS and CST are better than -17 dB.
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Figure 3.8: Return losses at both the ports obtained in HFSS and CST.

3.4.2 Reflector pattern using HFSS-PO

The reflector pattern of the offset reflector is obtained using the PO package of HFSS 15.0. In
HFSS-PO, the reflector pattern is calculated using the surface current method. In a surface current
method, current distribution on the surface of the reflector is obtained for a given feed pattern.
This is followed by the fourier transform of the surface current distribution to obtain the reflector
pattern. Thus, both the aperture field method and surface current method are employed to obtain the
reflector pattern. Similar to the parametric study performed earlier, the excitation ratio between the
two modes (TM;; and TMg; mode) is varied to obtain the optimum cross-polarization in the offset
reflector field pattern. For the offset reflector specifications given earlier, the variation in the cross-
polar levels obtained using both the MATLAB code and HFSS-PO are shown in Fig. The best
cross-polar performance in the reflector pattern is obtained for an excitation ratio of Cy/Cy = 0.55
and Cy/C1 = 0.6 using the MATLAB code and HFSS-PO, respectively for an x-polarized dual-mode
CMPA feed. The secondary field pattern of the offset fed reflector for the optimum Cy/C; ratio is
shown in Fig. [3.10] The GO code and HFSS-PO results for cross-polarization in the secondary field
pattern shows some difference since HFSS takes into account the mutual coupling of stacked patches
while the same was not considered in the analytical model of the feed.

The field pattern of the dual-mode CMPA with optimized mode excitation ratio evaluated using
and the CAD simulators, HFSS and CST, are depicted in Fig. All the simulation results
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Figure 3.9: Variation in cross-polarization at the asymmetric plane with Cs/Cy ratio.
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Figure 3.10: Secondary field pattern of the offset reflector at the asymmetric plane when fed by the proposed
matched feed design.

TH-2472_146102025

39



3. Introduction to Dual-mode CMPA Matched Feeds

10 (¥
215
2
£ -20 % : A
= L :
g A ;
z . LIS é
% 30k CODO| (cavity model) ...... B P R AR -
g —&— Copol {(HFSS) @% : :
2 A5F | =8 Copol (T5T) e B S A SUUUUURURR e 4
—==Crosspol (cavity model) | : :
apk...f —®Cross-pal (HFSS) [ H. ................... T TR ST U TP SUUPRTO |
—4-Cross-pol (CST) :
ARE OO R R TPRPRRRS il L R PITPI ERPPES .
: : ﬂf : :
50 i i i i A i i i i
50 40 30 20 -10 0 10 20 30 40 50
Theta (Degree)
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Figure 3.12: Cross-polar bandwidth in the secondary field pattern of the offset reflector with the proposed

matched feed design.

show good agreement among themselves. The -30 dB cross-polar bandwidth of the dual-mode CMPA

is 420 MHz as shown in Fig The performance of offset reflector illuminated by the proposed feed
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is summarized in Table It may be noted that the -30 dB cross-polar bandwidth for the proposed
dual-mode CMPA feed is narrower than a conventional matched horn feed. Hence, the proposed

matched feed is more suitable for narrow band applications.

Table 3.1: Performance of ORA fed by the proposed feed

Offset reflector parameters | Value
Frequency (GHz) 20
Reflector Size 50
F/D 0.6
Crosspol (® =90°) (dB) | -32.86
First SLL (dB) -16.86
-30 dB Xpol B.W (%) 2.1
Gain (dBi) 36

3.5 Conclusion

This chapter presents in detail the working of a dual-mode CMPA as matched feed for an offset
reflector antenna. The concept of conjugate field matching is revisited for CMPA and the TMy; mode
is selected as the asymmetric mode required for an optimum match. An extensive analysis of the dual-
mode CMPA as matched feed in terms of cross-polar suppression in the reflector pattern is performed

using both analytical and simulation tools for an offset reflector with F//D = 0.6.
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4. Circular Array Matched Feeds for Offset Reflector Antenna

4.1 Introduction

The investigation of dual-mode CMPA as matched feed for offset reflector antenna in the previous
chapter shows that by exciting an appropriate ratio of TM;; mode and TMg; mode in the dual-mode
CMPA, the reflector cross-polarization can be improved. However, the overall antenna efficiency of
such offset reflectors fed by a single dual-mode CMPA may be less due to broader feed beamwidth
leading to higher spillover losses. In order to reduce this spillover loss, the feed beamwidth is required
to be almost equal to 26* (boresight angle of the reflector antenna). Achieving such beamwidth is
difficult using a single dual-mode CMPA feed. Arrangement of the antenna elements in an array
for feed design may help in improving the overall antenna efficiency. Further, generating both the
fundamental and the higher order modes at an appropriate ratio using the array elements can provide
better performance in terms of both the reflector cross-polarization and the overall antenna efficiency.
From the studies conducted in chapter 2 and due to certain structural advantage offered by circular
array configurations as discussed latter, centered array is the preferred array configuration in the
current investigation.

In this chapter, three offset reflector feeds using centered circular array (CCA) configuration of
CMPA elements are discussed in detail. All the three array designs work on the principle of conjugate
field matching discussed in the previous chapter. In all the proposed CCA feeds, a central TMy;
mode operating CMPA element is used, either at the same layer or at a lower layer. This central
CMPA element suppresses the cross-polarization in the reflector pattern of the offset reflector. The
CCA configuration is preferred over other array configurations, as the TM9; mode generating patch
can be easily incorporated into the design at the centre. The proposed matched feeds in this chapter
are investigated using both analytical methods and CAD simulators. The first CCA matched feed
designed on a single layer with all the radiating antenna elements having a shared aperture. The
second CCA matched feed design is a dual-layered structure with the TMs; mode operating patch
at the lower layer and the dominant mode operating patch at the top. The second design is also
investigated for beam shifting and beamwidth control properties along with low cross-polarization
attributes. The third and final CCA array feed is similar to the second dual-layered CCA matched
feed, with respect to its antenna element arrangement. However, the difference lies in the fact that
the array structure in this reflector feed is designed to operate at two different frequency bands. The

details of these three types of feed are discussed in this chapter.
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4.2 Single Layer CCA with TMy; Mode operating Centre Patch

The first CCA matched feed proposed in this chapter consists of 9 CMPA elements, where the
central element operates in TMs; mode and the 8 circular ring elements in the dominant TMy;
mode. The matched feed is designed to operate at 20 GHz and illuminates an offset reflector with
diameter= 50\. The substrate material considered for the matched feed is RT-Duroid 5880 withe = 2.2

and substrate height of 0.768 mm.

4.2.1 Analytical expressions of the far-field pattern of the proposed feed

The field pattern of the matched feed design, using cavity model for the antenna elements, can be

expressed as

Ey(0 Fg11(0 Fg21(0
9( 7¢) ZCl 911( a¢) AF+(—])CQ 921( a¢) (41)
E4(0,9) E411(0, ) Eg21(0, 0)
where,
N
AF = Z I(n)exp jkorsinf cos(né — ¢),
n=1
Eormn (0, 0) dl —j"Mecos mA(Jm—1(Umn) = Jm+1(Umn))
E¢mn(97 ¢) J" cos 0 sin m¢(Jm—1(umn)+Jm+l(umn))
and

Umn = koQmn sin 6.

N is the number of elements, r is the radius of the circular array and £ is the angular separation given by
QW”. The number of array element considered in the current work excluding the central element is 8 and
are separated by an equal angular separation of 45°. A parametric study is performed to investigate
the effect of excitation ratio between the two modes (TMsg; and TMj1) on the cross-polar performance
in the reflector pattern for different F'/D and array radius, using the MATLAB code developed in
chapter 2. Fig. shows that as the array radius increases for a fixed F'/D (0.6 in this case), the

cross-polar suppression deteriorates. For an array radius of 0.6, the best cross-polar performance
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Figure 4.1: Effect of variation in the excitation ratio between TM7; and TMs; modes on the cross-polar levels
for different values of circular array radius. This study is performed using the MATLAB code for F'/D = 0.6.
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Figure 4.2: Effect of variation in the excitation ratio between the TM;; and TMs; mode on the cross-polar
levels for different values of circular array radius. This study is performed using the MATLAB code for an array
radius of 0.6).

is obtained for an excitation ratio of 0.16.  As shown in Fig. the cross-polar performance in
the reflector pattern decreases as the F'/D ratio decreases for a fixed array radius. The minimum

cross-polarization value for different F'/D ratios are attained for almost similar values of excitation
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TMI11 patch
Ring elements
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Figure 4.3: CCA with TMy; operating central patch.

ratios and therefore the same excitation ratio can be used even when F /D ratio is changed.

4.2.2 Proposed feed design in CAD simulator

The proposed CCA matched feed designed in HFSS, on a single layer of RT-Duroid 5880 with
substrate properties (¢, = 2.2 and substrate heght=0.767 mm) is shown in Fig The array radius
of the CCA matched feed is considered as 9 mm (0.6 at 20 GHz) from the parametric study performed
using the analytical model previously. All the CMPA elements including the TMy; generating central
patch are fed separately using 50 €2 wave ports.

A parametric study is performed to obtain the optimum excitation ratio between the two modes
(TM3; mode and TM;j; mode). The variation in cross-polar levels with the variation in the excitation
ratio is shown in Fig. 4.4l It is observed that the best cross-polar performance is obtained for an
excitation ratio of 0.14 using HFSS-PO. The secondary field pattern for the offset reflector for the
proposed feed when TMs; mode is not excited, is shown in Fig. Fig. shows the reflector
pattern when the excitation ratio between the two modes is optimum at the CCA matched feed. For

an optimum excitation ratio, the proposed CCA matched feed has suppressed the cross-polarization
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Figure 4.4: Parametric study of the effect of excitation ratio between the two modes on the cross-polarization
at the asymmetric plane of the reflector pattern.
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Figure 4.5: Secondary field pattern of the offset reflector at the asymmetric plane for the single layer CCA
unmatched feed.

by almost 11 dB. The reflector patterns obtained for both the matched and the un-matched feed in
HFSS-PO has good agreement with the results obtained using the MATLAB code. The feed pattern
obtained using and the CAD simulators namely HFSS and CST are shown in Fig. and are
in good agreement within the region of interest.

The -30 dB cross-polar bandwidth of the proposed CCA matched feed is 1.7 GHz as shown in

Fig. However, the narrow impedance bandwidth of the CCA feed limits the actual cross-polar
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Figure 4.6: Secondary field pattern of the offset reflector at the asymmetric plane for the single layer CCA
matched feed.
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Figure 4.7: Field pattern (at ¢ = 90°) of the proposed CCA feed using and the two CAD simulators with
optimized excitations.

bandwidth.

The gain of the offset reflector fed by the proposed CCA matched feed for normalized input power
is shown in Fig. and Fig. The total gain of offset reflector at ® = 90° is more than 41 dBi
which is adequate for modern day applications. There is an increase of almost 5 dBi in the reflector
gain when fed by the CCA matched feed as compared to the dual-mode CMPA feed of chapter 3. It
may be noted the gain for a parabolic reflector is obtained for the same size of reflector. Therefore, the
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Figure 4.8: Cross-polar bandwidth in the secondary field pattern of the offset reflector with the single layer
CCA matched feed.
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Figure 4.9: Gain pattern at ® = 90° for the CCA feed design.

different aperture efficiencies when fed by both the matched feeds may have resulted in the difference
of gain. As shown in Table the single layer CCA matched feed shows better reflector performance
in terms of gain and sidelobe over the dual-mode CMPA feed discussed in chapter 3. However, the

cross-polar performance of the reflector in case of the dual-mode CMPA matched feed is marginally

better than that of the single layer array feed.
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Figure 4.10: Gain versus frequency plot.

Table 4.1: Performance analysis of the matched feed designs for an offset reflector with F/D = 0.6 and
operating at 20 GHz

Parameters

Dual-mode CMPA

Single layer CCA

Cross-polar level
First side-lobe level
Gain (dBi)

-32.86 dB
-16.86 dB
36.06

-34.8 dB
-38.08 dB
41.04

4.3 CCA with Dual-Mode CMPA as Central Element

The addition of a central dominant mode CMPA will balance the asymmetric field of the TMy
mode operating patch. Such CCA with dual-mode CMPA as the central element may be useful for
applications such as beamwidth control and beamshift applications. In this section, a dual-layered cen-
tered circular array (CCA) of 10 CMPA elements as matched feed for an offset reflector configuration
given in Table [4.2] is investigated.

Table 4.2: Offset reflector dimensions

Parameters Diameter  of|Focal length|Offset height|Offset  angle|Boresight angle
projected (F) (H) () (6%)
aperture (D)

Value 2.5 m 1.75 m 0.25 m 42.24° 34.07°

The proposed array matched feed is shown in Fig. The proposed matched feed is a two-
layer stacked patch and consists of 9 TM;; mode operating CMPA elements arranged in the CCA

configuration at the top layer. The lower layer consists of a single TMg; mode operating CMPA placed
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inline with the central element of the upper CCA arrangement. The substrate used for simulation
is RT Duroid 5880 with ¢, = 2.2 and substrate height= 0.786 mm. The excitation ratio between
the CMPA operating dominant mode and CMPA operating in TMs; mode is chosen in such a way
that conjugate matching (CFM) is achieved and the cross polarization in the reflector pattern gets
reduced. The radius of the array is decided by the reflector geometry and the same is obtained through

parametric studies.

4
5 - 3
Xl
Y
6 — 2
7 1
. . :

Figure 4.11: Proposed matched feed array dual-layered structure. The proposed structure consists of 10
CMPA elements.

4.3.1 Analytical model of the proposed dual-layer CCA matched feed

The field pattern of the proposed matched feed array can be expressed using basic cavity model as

E0<97 ¢) - 1 E911(0a¢) (AF+ 1) T (717)02 E021(07¢) (42)
Ey (8, ¢) Ey11(0, ) Ey21(0, )
where,
E@mn(ev ¢) *ijOS md’(']mfl(umn)*!]n%#l(umn))

?

Eqﬁmn(evqb) ]m COSHSinm¢(Jm—1(umn)+Jm+1(umn))
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4.3 CCA with Dual-Mode CMPA as Central Element

and

= Z I(n) exp jkorsinfcos(né — ).

and N is the number of elements, r is the radius of the circular array and £ is the angular separation
given by QW’T The number of array element considered in the current work excluding the central element
is 8 and are separated by an equal angular separation of 45°. To perform an initial investigation on the
functioning of the proposed matched feed array, equal excitation is given to all the CMPA elements
working in the dominant mode. The reflector pattern of the offset reflector fed by the proposed

matched feed array is obtained using the MATLAB codes developed based on the geometrical optics
(GO) method.

4.3.1.1 Effect of array radius on cross-polarization

ke Radius=0.5 A 7_*,_,+—""'
e
= ¢ - Radius=0.6 A e
20 F e 3
—e— Radius=0.7 A e o
¥ -
—+— Radius=0.8 A T -
o A
@25 A - o
<) o* g
E ot
E 4 X
E 300 % " +* *,‘_*_,* ]
= LN
by .~ Ey
g ..*‘
S35+ * -
\ ":. f
g
®o g 0h9 .-*
-40 * £
*
*,
s . | R .
0.1 0.15 0.2 0.25 0.3 035 04

Excitation ratio (magnitude)

Figure 4.12: Effect of variation in excitation ratio between the TM;; and TMs; mode for different values of
circular array radius on cross-polarization. The F/D of the reflector is kept as 0.7 for this study.

Further, a parametric study is performed to investigate the effect of the array radius of the circular
array on the cross-polar performance. As shown in Fig. the cross-polarization in the reflector
pattern deteriorates with an increase in the array radius for an offset reflector with F//D = 0.7. The
best cross-polar performance is obtained at an array radius of 0.5A. However, as a compromise, to
reduce the effect of mutual coupling, which was not considered in the analytical modeling, the radius

of the circular array has been taken as 0.6A. Another parametric study is performed to obtain the
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optimum excitation ratio between the TMg; and TM;; modes for different F'/D ratios for an array
radius of 0.6\ and is shown in Fig. The cross-polar performance of the reflector improves with
increase in the F'/D ratio. The variation in cross-polarization for different values of F//D is different
from the single layer CCA matched feed and is more similar in nature to the variation in the single

dual-mode CMPA matched feed.
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Figure 4.13: Effect of variation in excitation ratio between the TM7; and TMs; mode for different values of

% ratio on cross-polarization. The array radius is kept as 0.6 in this study.

4.3.1.2 Offset reflector pattern for F'//D = 0.7

The cross-polarization in the reflector pattern when the offset reflector is illuminated by unmatched
and matched feed for an F'/D ratio of 0.7 are shown in Fig. and Fig. respectively. The
excitation ratio of the TMs; and TM71; modes in the proposed feed structure is varied to obtain CFM.
By illuminating the offset reflector with the dual layer CCA matched feed, an improvement of 17 dB

in the reflector cross-polar performance is achieved.

Table 4.3: Variation of the simulated reflector gain with frequency

Frequency 4 5 5.5 6 6.5 7 8
(GHz)
Gain (dBi) 25.38 30.54 36.57 41.81 37.91 34.8 30.67
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Figure 4.14: Offset reflector pattern for % = 0.7 with unmatched CCA feed.
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Figure 4.15: Offset reflector pattern for % = 0.7 with matched CCA feed.

Table shows the variation in the gain of the overall reflector antenna system over the frequency
band of 4-8 GHz. The gain of the reflector is 41.81 dBi at 6 GHz. In the next section, the pattern
reconfigurability in terms of beamwidth variation and beamshift control in the reflector pattern with

the proposed CCA structure as the reflector feed is investigated.
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4. Circular Array Matched Feeds for Offset Reflector Antenna

4.4 Beam Shifting and Beam Size Control using the Dual-layer CCA
Matched Feed

Pattern reconfigurability in terms of beamwidth variation and beamshift control are requirements
of some modern communication systems [71-74]. By selectively exciting either a single element or a
group of elements of the circular array of the dual layer CCA matched feed proposed in the previous
section, in this section, the beam size and beam shifting reconfigurability of the reflector pattern is
studied. The cross-polar performance in the reflector pattern is also improved by having a proper

excitation ratio between the TMp; and TMsy; mode.

_ [ 4 . _ 4 _
\ \\ \v// ‘// : \\\ ‘// : \ \
[ 5 | ] (5 ) : ]
“ X A y X X
@ ‘l‘ - - ] -
y \ _/IJ/ ) \
[ s /\‘ — [ o2 /\ 6 — 2
o i oW W , _
\\ y ) \\‘ \\ y ) \\
e - [ ] e [
- \ Q \// - Q \//
\ 8 ] 8
\ y
\\v/ .
(a) (b)

Figure 4.16: Combinations of array elements for beamwidth control (a) only the central dominant and higher
mode operating patches are excited (b) antenna element 2,4,6 and 8 along with the central dominant and higher
mode operating patches are excited.

4.4.1 Beamwidth control

By controlling the ring CMPA element excitations electronically, the beamwidth of the reflector
pattern can be varied. As shown in Fig. two different combinations of elements of the array
structure can be excited. In the first combination, only the central TM;; and TMs; mode operating
patches are excited whereas CMPA 2, 4, 6 and 8 are excited along with the central TM; and TMy;
mode operating patches in the second case. Fig. shows the variation of beamwidth in reflector
pattern at ® = 0° and ® = 90° for the two combinations.

Excitation of ring elements along with the central CMPA leads to broadening of the reflector beam
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Figure 4.17: Beamwidth variation in reflector pattern (a) at ® = 90° (b) at & = 0°.

as compared to excitation of only the central CMPA elements. Broadening of the beamwidth only
in either of the planes (0° or 90°) is also possible by exciting only the elements along either of the
principal axes. It is worth noting that an increase in the array radius increases the beamwidth of the
reflector pattern. However, there is a tradeoff between the cross-polar performance and the beamwidth
of the reflector, when excited by the matched feed array.

Similar to the study performed in earlier section, here also the array radius is considered to be 0.6\.
Fig. shows the beamwidth reconfigurability of the reflector fed by the proposed structure when
the higher order TMs; mode patch is not excited. The cross-polar performance in the reflector pattern
is improved by having proper excitation ratio between the two modes. The optimum excitation ratio

of TMs; by TM7; mode for best cross-polar performance is found to be 0.23 in the second case and
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Figure 4.18: Reflector pattern at ® = 0° (symmetric plane) for unmatched feed array.
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Figure 4.19: Reflector pattern at ® = 90° (asymmetric plane) for matched feed array with proper excitation
ratio between the two modes.

0.4 in case of the first combination. As shown in Fig. the cross-polarization performance in
the reflector pattern for an array radius of 0.6\ is found to be better than -42 dB in both the cases.
Though, uniform excitation of all the CMPAs operating in TM;; mode and only the four such CMPA

ring elements along the axes lead to same beamwidth, the cross polarization is found to be better in

the latter case.
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4.4.2 Beam-shifting in the reflector pattern
4.4.2.1 Large beam shift case: 0.4° beam shift

The main beam of the reflector pattern can be shifted in both the planes or in either of the planes
by selectively exciting a single CMPA element of the circular array along with the central dual-mode
CMPA element and is shown in Fig. However, selective excitation of single CMPA element
except those aligned along X-axis will have poor cross-polar performance in both the plane or either
of the planes due to the asymmetry of the offset reflector along the X-axis. Thus, the offset
reflector excited by only those CMPA elements aligned along X-axis are shown in Fig. and are
being investigated here. As shown in Fig. [£.22] the main beam of the reflector pattern gets shifted
by 0.4° (approximately 31% of 3 dB beamwidth) from the principal axis whenever either of CMPA
element 4 or CMPA element 8 is excited along with the central TMy; and TMs; mode operating
patches. The amount of beamshift depends on the radius of the circular array and has a tradeoff
with the sidelobe and cross-polar levels in the reflector pattern. For an array radius of 0.6, the best
cross-polar performance is achieved when the overall excitation ratio between the TMo; and TMqy
modes generated is 0.18. The reflector pattern at the asymmetric plane for the matched condition and
unmatched condition are shown in Fig. and Fig. respectively. The cross-polarization in the
reflector pattern for the matched feed is found to be better than -38 dB for an F/D = 0.7. The offset

reflector has sidelobe levels at the asymmetric plane of the reflector pattern better than -17 dB.

4.4.2.2 Small beam shift case: 0.1° beam shift

The proposed feed structure can also be used to obtain a smaller beam shift with a broader main
beam in the reflector pattern by exciting a group of three ring CMPA elements along with the central
dual-mode CMPA element. Such combination of three ring elements when aligned along Y-axis shifts
the main beam in the asymmetric plane but deteriorates the overall cross-polar performance of the
reflector. Hence, two different combinations along X-axis as shown in Fig. are studied here which
can be used for reflector beam shifting.

A beam shift of 0.1° (approximately 7.2% of 3 dB beamwidth) is obtained in the reflector pattern
when the offset reflector is fed by the proposed matched feed with such excitation combination along
the X-axis. The beam shift in the reflector pattern at the symmetric plane is shown in Fig. The

cross-polarization in the reflector pattern is reduced by having proper excitation ratio between the
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4.4 Beam Shifting and Beam Size Control using the Dual-layer CCA Matched Feed
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Figure 4.21: Matched feed array (a) only CMPA 4 is excited along with the central TM;; and TMs; mode
operating patches (b) only CMPA 8 is excited along with the central TM;; and TM2; mode operating patches.
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Figure 4.22: Beam shift of 0.4° from the principal axis in the reflector pattern at ® = 0° (symmetric plane).

two modes. The best cross-polarization is obtained at the asymmetric plane of the reflector pattern
for an excitation ratio of 0.2. The unmatched and the matched reflector pattern at the asymmetric
plane for both the excitation combination is shown in Fig. and Fig. 4.28] respectively. The

cross-polarization is better than -45 dB at the asymmetric plane of the reflector pattern in both the

cases.
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Figure 4.23: Reflector pattern for unmatched feed at ® = 90° (asymmetric plane).
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Figure 4.24: Reflector pattern for matched feed at & = 90° (asymmetric plane).

4.5 CCA Feed for Dual Band Application

All the microstrip based feeds discussed till now in this thesis are designed to operate at a single
frequency band. However, some of the emergent scenarios require a single antenna structure to operate
in multiple bands as evident in [41,75H78]. Although, a dual band microstrip patch antenna (MPA)
array feed is reported in the literature [41] operating at Ka / Ku band, the number of MPA array
elements (4 x 166 at Ka band) used in the feed is very large which may not be suitable at frequencies
lower than 10 GHz. This has motivated us to design a dual frequency microstrip feed with small

aperture size. This investigation aims at designing a dual band circular array feed using CMPA
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Figure 4.26: Beam shifting at ® = 0°(symmetric plane) of the reflector pattern. Beam 1 corresponds to
combination 1 and beam 2 corresponds to combination 2.

elements for offset reflectors which can provide cross-polarization lower than -30 dB. In this section,
the design insights gained while working with circular array as feed for ORA in the previous section is
used to propose a dual band microstrip circular array feed for an ORA which can operate at 4 GHz and
6 GHz. The proposed dual band feed is a centered circular array with two groups of antenna elements:
a circular ring of 8 CMPA elements radiating at 4 GHz and a dual-mode CMPA (DCMPA) radiating at
6 GHz. A parametric study is performed to obtain the optimum array radius of the proposed structure

for which the reflector cross-polarization is better than -30 dB at both the operating frequency.
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Figure 4.27: Reflector pattern for unmatched feed at ® = 90° (asymmetric plane).
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Figure 4.28: Reflector pattern for matched feed at ® = 90° (asymmetric plane).

Table 4.4: Offset reflector dimensions

Parameters |Diameter  of|Focal length|Offset height|Offset angle|Boresight an-
projected (F) (H) () gle (6%)
aperture (D)

Value 2.5 m 2m 0.25 m 38.08° 30.56°

4.5.1 Design issues

A dual band CCA feed for an ORA with the specifications given in Table [1.4] is designed for

4/6 GHz dual-band applications using the dual layer CCA structure. The CCA considered for the
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proposed dual band feed design has an outer ring of 8 CMPA elements and a central patch which
operates in dual mode (TM1; and TMg;). The CCA configuration, because of its structural symmetry
has the same phase center for both the bands. In the proposed structure, the outer ring elements
contribute to radiation at 4 GHz while the dual mode central patch element is the main radiator for
6 GHz. Since, in this design, radiation at one of the operating frequencies is contributed by a selected
subset of antennas, the effect of other antenna elements at this operating frequency is required to
be considered appropriately and antenna dimensions and their positions are optimized accordingly.
Through a parametric study in HFSS, array radius and excitation ratio between the two modes of
the central element are found out for obtaining good cross-polar performance at both the operating
frequencies. The number of circular rings and elements in each ring of the CCA configuration is
decided by 6* shown in Fig. [I.1} For the present offset reflector dimensions, a single ring of 8 CMPA
element is found to be sufficient. It may be noted that for simulation of the proposed structure, the
array elements are fed equally and total excitation power of the array is same as that of the dual mode
CMPA. Further, the feed network that would be needed for feeding the proposed structure from a

single source is not detailed here.

4.5.2 Proposed dual-band microstrip patch antenna feed

Based on the discussions in the previous subsection, the proposed structure for the dual band feed
is shown in Fig. which consists of two groups of radiating antennas: (a) a circular array of 8
CMPA elements operating at the lower frequency of 4 GHz and (b) a dual mode CMPA (DCMPA)
operating at the higher frequency of 6 GHz. The dual band CCA feed is designed using a stacked
layer configuration. Patches operating in dominant mode are placed at the top of upper substrate
layer while the TM2; mode operating patch is located on the top of the lower substrate layer.

Ground plane for the structure is situated at the bottom of the lower substrate layer. It may be
noted that both the upper and the lower substrate are of the same thickness and material properties
(i.e. dielectric constant and loss tangent). The size of the ground plane considered in simulation is
200 mmx200 mm. After some parametric study of the excitation ratio of the two modes (TMz; and
TMj1) generated in the DCMPA part, the best cross-polar suppression is found when TMjy; is excited
at a ratio of 0.08 and in quadrature phase with TM;; mode. The variation in array radius plays an
important role in controlling the cross-polarization at the asymmetric plane of the reflector pattern at

both the frequencies. As shown in Fig. the cross-polar levels at 6 GHz decreases gradually from
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Figure 4.29: Proposed dual band dual-layer CCA reflector feed antenna

-27 dB to -37.17 dB as the array radius increases. While, the cross-polarization at 4 GHz is -31.2 dB

for 40 mm radius and -30.83 dB for 50 mm radius of the circular array. The better cross-polar levels

at 4 GHz for an array radius of 40 mm is due to the field coupling from the DCMPA part. However,

due to the same reason the cross-pol performance at 6 GHz deteriorates for an array radius of 40 mm.

A smaller array radius will lead to higher field coupling between the two groups of antenna radiators

and thus influence the feed performance. Hence, the CCA radius of 50 mm is chosen where cross-polar

levels are below -30 dB at both the frequencies.

The return losses at all the coaxial ports of the proposed structure using HFSS and CST are

shown in Fig. and Fig. respectively. The two coaxial ports corresponding to the DCMPA

show return losses better than -12 dB while the 8 circular array ports show better than -19 dB. The

dimension details of the dual band CCA feed for an array radius of 50 mm is given in Table
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Table 4.5: Dual band feed parameters

Parameters Diameter of projected aperture (D)
Substrate material RT/ Duroid 5870
Substrate height, h 0.762 mm
€r 2.33
Radius of CMPA, 4 GHz 14 mm
Radius of CMPA, 6 GHz 9.2 mm
Position of coaxial feed for upper patch, 4 GHz 3.5 mm
Position of coaxial feed for upper patch, 6 GHz 2 mm
Position of coaxial feed for lower patch, 6 GHz 7.5 mm
Array radius 50 mm
-24 T T .

Cross-polarization (dB)

1
38 40 42 4 46 48 50 52 54 56
Array radius (mm)

Figure 4.30: Cross-polar variation with the array radius for dual band antenna

4.5.2.1 Feed and reflector pattern at 6 GHz

The reflector pattern of the dual band MPA feed at 6 GHz in shown in Fig.

As mentioned previously, the central DCMPA radiating element is primarily responsible for the
reflector pattern at 6 GHz. Therefore, in the proposed design, the feed pattern at 6 GHz has a very
broad main lobe as shown in Fig. Addition of the TMs; mode in quadrature phase to the

dominant mode increases the cross-pol levels of the feed pattern by an appropriate amount, which in
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Figure 4.31: Return losses of the proposed dual band antenna feed at both the operating frequencies
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Figure 4.32: Return losses of the proposed dual band antenna feed at both the operating frequencies using
CST.

turn reduces the cross-polarization at the asymmetric plane of reflector pattern as shown in Fig.

ORA performance when fed by the proposed structure at 6 GHz is summarized in Table
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Figure 4.33: Primary feed pattern of the proposed dual band antenna feed at 6 GHz obtained using both
HFSS and CST.

Table 4.6: Offset reflector performance at 6 GHz

Parameters Reflector gain |Cross-polarization in the re- [-30 dB cross-|First-null
flector pattern polar  band-|beamwidth
width
At array ra-|At array ra-
dius= 55 mm |dius= 50 mm
Value 38.46 dBi -37.17 dB -32.28 dB 150 MHz 2.92°

4.5.2.2 Feed and reflector pattern at 4 GHz

The SCA configuration of 8 CMPA elements in the proposed structure illuminates the reflector at
the lower frequency of 4 GHz. The best cross-polar performance is achieved at an array radius of 50
mm. The feed pattern of the dual band feed is shown in Fig. and the corresponding reflector
pattern of the reflector is shown in Fig. The first null beamwidth of the feed (60°) is almost equal
to the boresight angle of the reflector. The change in radius of the circular array changes the cross-
polar levels in the feed pattern which in turn is responsible for the reflector pattern at 4 GHz. The
reflector pattern obtained at 4 GHz when illuminated by the SCA feed has a broader main beam due
to the smaller electrical size of the reflector at the particular frequency. The cross-polarization in the

reflector pattern at the asymmetric plane will be relatively poor as shown in Fig. 4.36l Summarized

ORA performance is given in Table {.7]
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Figure 4.34: Reflector pattern obtained using HFSS-PO at 6 GHz.

Performance of the reflector illuminated by the proposed feed structure is shown in Table The
-30 dB cross-polar bandwidth is slightly narrow and can be used for narrow band applications at both
4 GHz and 6 GHz. The overall efficiency of the reflector fed by the proposed dual-band feed at 4
GHz and 6 GHz as calculated from the simulated gain is found to be 54% and 29%, respectively. The

difference in the overall efficiency at both the frequencies is mainly due to the fact that at 6 GHz,
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Figure 4.35: Feed pattern of the dual band CCA at 4 GHz obtained using HFSS and CST.
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Figure 4.36: Reflector pattern of the offset reflector at 4 GHz.
Table 4.7: Offset reflector performance at 4 GHz
Parameters Reflector gain |Cross-polarization in the re- [-30 dB cross-|First-null
flector pattern polar band-|beamwidth
width
At array ra-|At array ra-
dius= 40 mm |dius= 50 mm
Value 37.6 dBi -31.2 dB -30.83 dB 160 MHz 5.2°

the central dual-mode MPA part is a single element feed and at 4 GHz, the feed is the circular array.

Thus, at 6 GHz band, the spillover becomes higher and the efficiency is reduced.

Table 4.8: Performance analysis of the dual layer CCA matched feed

Parameters At 4 GHz | At 6 GHz
Cross-polar level -30.83 dB | -32.78 dB
First side-lobe level -26.25 dB | -18.93 dB

Cross-polar B.W(-30 dB) 4% 2%
Gain 37.6 dBi 38.46 dBi
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4.5.3 Experimental validation

The central element (dual-mode CMPA) of the dual-band CCA feed mainly contributes to the feed

pattern at the 6 GHz. A prototype of the dual-mode CMPA is fabricated on a 40mmx40mm ground

plane.

L~ Feed line for domiant
mode patch

Dominant
mode patch =
(Top layer)

Feed line for higher
order mode patch
(patch m the lower
layer)

Bottom substrate layer
L~ with feed lines

L— Middle substrate layer
with

: ground plane at the bottom

Top substrate layer (c) and higher order mode patch

at the top

Figure 4.37: Fabricated prototype of the central part of the dual band feed operating at 6 GHz.
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Figure 4.38: Return losses of the proposed dual band antenna feed at both the operating frequencies.

Fig. shows the fabricated prototype antenna. The return loss and the radiation pattern
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Figure 4.40: Field pattern of the prototype when only port 2 is excited.

of the prototype is measured. As shown in Fig. [£.38] the measured return loss in both the ports

are comparable with the simulated results obtained from HFSS and CST. A slight increase in the

impedance bandwidth is observed, which may be due to the presence of air gap between the substrate

layers while stacking them. The radiation pattern of the dual-mode antenna is measured by exciting

one port at a time and terminating the other port by 502 matched termination. The comparison of

the measured radiation pattern of the prototype with the simulation results from HFSS and CST is

shown in Fig. and Fig. Fig. shows the radiation pattern of the prototype when only
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port 1 is excited whereas Fig. shows the far field pattern of the same when only port 2 is excited.

The measured radiation pattern in both the cases are in close agreement with the simulation results.

4.6 Conclusion

This chapter discusses three circular array designs as feed for offset reflector antenna. The first
circular array is a single layer matched feed designed to operate at 20 GHz of Ka-band. The TMg;
mode operating patch is placed at the centre of the array and is excited at an appropriate ratio. The
cross-polar performance of the single layer CCA matched feed is better than -33 dB for an offset
reflector with #//D = 0.6.

The second design is double layer CCA matched feed similar to the first matched feed in this
chapter. The difference here is the placement of the TMs; mode operating patch which is kept at the
lower layer. Moreover, the dual layer CCA feed has an extra dominant operating patch at the centre
of the array at the top layer. The double layer CCA matched feed provides cross-polarization better
than -38 dB for a reflector with F//D = 0.7. Further, investigation has been done to show that by
exciting selective array antenna elements, beamwidth and beam shift reconfigurability in the reflector
pattern can be achieved, while maintaining the cross-polar level below -38 dB. A maximum beam shift
of 0.4° ( approximately 31% of 3 dB beamwidth ) from the principal axis has been achieved in the
reflector pattern.

The third CCA feed is also similar in array configuration to the dual-layer CCA matched feed.
However, the reflector feed is designed such that the same reflector can be used for dual-band applica-
tions. This is achieved by operating the central dual-mode CMPA and the surrounding ring elements
at two different frequencies. The array radius is optimized such that the cross-polarization in the

reflector pattern is above -30 dB at both the frequency bands.
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5. Matched MPA Feeds for Small Offset Reflector Antenna

5.1 Introduction

In the previous chapters, the reported matched feeds are designed using CMPA elements generating
both the dominant mode and the required higher order mode at an appropriate ratio. Further, the
size (diameter) of the offset reflectors in the earlier chapters are of the order of 50\. While, the
reflectors used in satellite communication are considerably large (diameter > 50)), in some modern
day applications such as cellular communication, the reflectors used at the base stations [79-81],
are considerably smaller (diameter< 1m). Moreover, as the frequency of operation for base station
antenna is usually in the sub-6 GHz band for 4G and 5G systems, the electrical length of the reflector
is typically small (< 10\) in order to meet the physical size constraint.

This chapter presents investigation of the cross-polar performance in the offset reflector pattern
when the reflector size is < 10A. It is challenging to design matched feed for small reflectors maintaining
proper reflector illumination and avoiding large spillover. Two matched feeds are analyzed for smaller
reflectors operating at the 5G sub-6GHz band of 3.5 GHz. The first matched feed design has an
annular ring patch at the lower layer for TMs; mode generation. In the second matched feed design,
a rectangular patch is used to generate the fundamental mode (TM;g mode) while the higher order

mode is generated by a CMPA.

5.2 Design and Analysis of First Matched Feed

In the dual-mode CMPA matched feeds reported in chapter 3, the asymmetric field component at
the feed aperture is contributed by the generation of TMs; mode using conventional CMPAs. However,
it is reported in [82,83], that fields similar to the TMg; mode can also be generated by annular ring
(AR) antennas with different combinations of inner and outer radius. In a stacked patch configuration
it is found that, the AR patch at the lower layer induces a coupled field on the upper layer which is
different from the one induced in the stacked patches proposed in the previous chapters. The nature
of the coupled field is mainly a dependant of the inner radius of the AR patch and is found to have a
notable influence on the overall cross-polar performance, which is studied in detail in the subsequent

subsections.
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5.2 Design and Analysis of First Matched Feed

5.2.1 Working principle
5.2.1.1 Analytical model

The analytical model of the proposed feed is a combination of the TMi; mode in CMPA and
the TMo; mode in AR patch. This model does not take into account the coupling between the two
patches. Further, an infinite ground plane is assumed here. The analytical model of the proposed
matched feed is derived from the basic cavity model analysis of CMPA and AR patches, as follows:

The far-field pattern of a CMPA operating in TM,,,, mode is given by:

- (5.1)

E@mn(67 ¢) —ijOS 2¢(Jm—1(u21)_Jm+1<u21))
Egmn(0,¢)|  |j™cos 0sin 2¢(Jp—1(u21) +Jma1(u21))

where,
Umn = koa sin 6,

a is the radius of CMPA operating in TM,,,, mode and kg is the free-space wave number. Similarly,

the far-field pattern of an AR patch operating in TMsy; mode can be expressed as:

Eggl (97 d)) _ COS2¢Lg£1 (0, ¢) (5 2)
E§5,(0,0) —cost sin2¢ Lgy, (0, ¢)
where,
L (60,9) | _ b1 fa1(b1)gai(b1) — a1 fai(ar)gay (1)
Lg5,(0,9) b1 f21(b1)g21(b1) — a1 fa1(a1)gai(ar)

Jmn(r) = Yél(kmnal)t]m(kmnr) - J;n(kmnal)YM(kmnT)a

gmn(r) = Jm—l(kOT sin ‘9)_<]m+1 (kZQT sin (9),

Imn (1) = Jm—1(kor sin @)+ Jp, 41 (kor sin )
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and

2(m)
aj+ b1’

mn

a1 and by are the inner and outer radius of the AR patch, respectively. J,, and Y,, represent Bessel
functions of first and second kind, respectively. Further, the value of k,,, depends on the operating

frequency of the AR patch as given by

G

P (5.3)

fo

where, c is the speed of light in vacuum and ¢, is the dielectric constant of the substrate. The analytical

model of the proposed matched feed is obtained by combining ([5.1)) and (5.2)), and is expressed as:

Eo(0, ) _ Eg11(0, ¢) +Cz Eg5,(0,9) (5.4)

Ey(0,9) Egi(0,0) | €1 | E.(0,0)
Here, the unprimed field components correspond to CMPA. C5/C; is a complex number which
represents the excitation ratio between the TM;; and TMy; mode. An optimum value of C2/C] in

the analytical feed model is required to achieve CFM, and cross-polar suppression.

5.2.1.2 HFSS model

In this work, the AR patch considered for the lower layer is investigated for four different values of
inner radius (3 mm, 4 mm, 5 mm, 6 mm and 7 mm). When these two radiating patches are arranged
in a stacked configuration and designed to operate at 5G sub-6 GHz band of 3.5 GHz, the variation
in the inner radius will also effect the dimensions of the upper patch and will be discussed later in
the section. A pictorial representation of the proposed stacked matched feed geometry is shown in
Fig. A TM;j; mode generating circular disk of radius « is placed at the top layer, while the lower
layer consists of an AR patch with an appropriate inner radius (a;) and outer radius (b1). Both the
radiating patches are designed on FR4 substrate (¢, = 4.4) with 1.6 mm substrate thickness. Both
the upper and the lower patch are fed by individual 50¢2 coaxial feed at 4 mm and 12 mm from the

center, respectively. The feed position of both the patches is chosen such that the return loss obtained
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FR4 substrate with
height=1.6 mm

Ground plane

Figure 5.1: Geometry of the proposed feed design (a) side view along X-axis and (b) top view.

Table 5.1: Different stacked patch dimensions with varying a; resonating at 3.5 GHz

a1 in mm | by in mm | ain mm
3 19 11.2
4 19 10.9
5 18.9 10.6
6 18.8 10.2
7 18.7 10.2

at both the ports is better than 15 dB. The variation in dimensions (a and b;) of the proposed stacked
patch at the operating frequency of 3.5 GHz for a variation in a; is obtained through a parametric
study and is shown in Table The transverse H-fields in the AR patch for all the combinations
listed in Table [5.1] for an excitation in port 2 only is shown in Fig. [5.2]

The strength and nature of the TMy; mode field distribution is similar for all variations of a;.
Thus, ideally the cross-polar performance obtained in the reflector pattern for all the variations of aq

at optimum matching is expected to remain same.

5.2.2 Reflector pattern analysis

The geometry of the ORA system is same as in Fig. and is shown in Fig[5.3]for ready reference.
The ORA has a diameter of the projected aperture (D) equal to be 0.85 m (roughly 10\) and the
reflector positioned at an offset height (H) of 0.085 m. The offset reflector is illuminated by the
matched feed placed at the focus of the parent paraboloid. The focal length to diameter (F'/D) of the

ORA is considered to be 0.6 for performance evaluation of the matched feed.
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Figure 5.3: Offset reflector antenna configuration.
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5.2 Design and Analysis of First Matched Feed

5.2.2.1 Using GO technique

Reflector pattern of the ORA specified earlier is obtained from the analytical feed model given by

(5.4)) using geometrical optics (GO) technique. The value of Cy/C} is crucial for achieving CFM. An
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Figure 5.5: Variation in reflector cross-polarization for different excitation ratios for a; = 5 mm

investigation on the effect of Cy/C} on the reflector cross-polar levels for different combinations of a,
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Figure 5.6: Simulated reflector pattern obtained using the analytical feed model (for a; = 5 mm)

ay and by of the proposed matched feed is performed. The optimum values of Co/C} for the proposed
feed structure with different combinations of a1, by and a listed in Table is shown in Fig. a.
The cross-polar performance in the reflector pattern is found to optimum when |Cy/Ci| = 0.36 and
the phase difference between the two modes is —90° as shown in Fig. The nature of variation in
cross-polarization is also found to be similar for all a; variations. Thus, in the analytical modelling,
variation in the a; of the AR patch have very limited effect on cross-polarization in the reflector
pattern.

A cross-polar suppression of more than 25 dB is observed in the ORA pattern shown in Fig. [5.6
when optimum matching is obtained. It is worth noting that the coupling between the patches is not
considered in the analytical feed model. The effect of the coupled field between the patches on the

reflector cross-polarization is later studied by using the HFSS feed model.

5.2.2.2 Using HFSS-PO

The reflector pattern of the ORA with the proposed matched feed is also obtained using HFSS-PO.
A parametric study is performed to obtain the appropriate port excitation ratio required for CFM in
case of all five a; combinations.

As shown in Fig. the overall cross-polarization is better than -37 dB at the optimized excitation
ratio for the proposed feed with 3 mm < a1 < 6 mm. Table shows the best cross-polarization in

the reflector pattern of the ORA illuminated by the proposed stacked feed with different dimensions
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Figure 5.7: Reflector cross-polar performance with variation in excitation ratio for different feed dimensions.

Table 5.2: Cross-polarization in the reflector pattern at 3.5 GHz for different values of a;

ap (mm) | Crosspol (dB) | Optimum excitation ratio, g—i
3 -37.76 0.31
4 -38.29 0.30
5 -42.86 0.27
6 -40.32 0.25
7 -32.20 0.23

of upper and lower patch obtained in Table For a; > 6 mm, the cross-polar performance degrades
in the reflector pattern. A gradual decrease in the required excitation ratio (magnitude) between the
two ports for an increase in aq is also observed. Improved cross-polar performance for certain matched
feed dimension can be attributed to the variation in the a;. Since, both the CMPA and AR patches
are co-located, an increase in a; changes the nature and strength of coupled fields on the CMPA
placed at the top. Thus, variation in a; is also effecting the reflector cross-polarization. In order to
understand this behaviour, an investigation is performed over the nature and strength of the coupled
fields generated on the upper circular patch from the lower AR patch.

Fig. shows the nature and strength of the coupled fields for different values of a;. It may be
noted that the coupled fields are observed by excitation of port 2 only. An increase in the coupled
field strength is observed as the inner radius (ap) is increased. Further, the nature of this coupled

field distribution changes for a1 > 4 mm. In the proposed matched feed with a; = 5 mm, three types
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Figure 5.8: Aperture H-fields generated at the upper circular patch due to the AR with inner radius given
by(a) a1 = 3 mm (b) a3 = 4 mm (c) a3 = 5 mm (d) a3 = 6 mm and (e) a; = 7 mm.
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Figure 5.9: Nature of transverse H-field distribution in the proposed matched feed for a; = 5 mm.

of field distributions as shown in Fig. are generated by the two 50 Q ports. Further, the best
cross-polar suppression is achieved when a; = 5 mm and the excitation ratio between the two ports is

0.27/ —90°. The excitation ratio of both TMs; mode and the coupled field with respect to the TMy;
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mode in the proposed matched feed is optimum in this case.
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Figure 5.10: Normalized offset reflector pattern at ® = 90° obtained using HFSS-PO.
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Figure 5.11: -30 dB cross-polar bandwidth of the ORA illuminated by the proposed matched feed.

Normalised reflector pattern of the ORA when illuminated by the proposed stacked feed with

a1 = 5 mm at optimum port excitation ratio is given in Fig. [5.10, Co-pol and cross-pol patterns for

both Cy/C7 = 0 and Cy/C; = 0.27 are shown. Further, for Cy/C = 0.27, the cross-polarization within

the 3-dB beamwidth is better than -42 dB at the asymmetric plane of the reflector. Hence, a cross-

polar suppression of more than 20 dB is achieved by the matched feed proposed with the optimized

TH-2472_146102025

85



5. Matched MPA Feeds for Small Offset Reflector Antenna

25 ! . !

[ S
p

N .

Gain (dBi)

10 1 I i i I 1 |
3.42 3.44 3.46 3.48 3.5 3.52 3.54 3.56 3.58
Frequency (GHz)

Figure 5.12: Gain v/s frequency plot.

Table 5.3: Performance of ORA fed by the proposed feed

Offset reflector parameters | [Proposed matched feed]
F/D 0.6
Crosspol (® = 90°) (dB) -42.86
First SLL (dB) -18.75
-30 dB Xpol B.W (%) 3.857%
Gain (dBi) 22.91
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Figure 5.13: Radiation pattern of the proposed feed with the optimized excitation ratio and a; = 5 mm.

dimension at the reflector pattern when compared with the cross-pol performance of an unmatched

feed (feed with TMj; mode only). The primary pattern of the matched feed with a; = 5mm and
Cy/Cy = 0.27 is shown in Fig. [5.13

TH-2472_146102025

86



5.2 Design and Analysis of First Matched Feed

Figure 5.14: Fabricated prototype of the proposed feed.

The -30 dB cross-polar bandwidth of the ORA fed by our proposed matched feed is given in Fig.
and is 135 MHz. Gain of the reflector shown in Fig. [5.12|is found to be better than 22 dBi over
the entire -30 dB cross-polar bandwidth. Performance of the ORA illuminated by this matched feed
is summarized in Table [5.3] The normalized radiation pattern of the matched feed with a; = 5 mm,
is obtained using two commercially available CAD tools, HFSS and CST and is shown in Fig. [5.13
Radiation pattern of the matched feed for -50° < 6 < 50° is considered as the illumination angle of

the reflector is 8* < 76°. Both simulation results show good agreement with each other.
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Figure 5.15: Comparison of the measured return losses of the proposed feed with the simulated results obtained
in both HFSS and CST.
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5.2.3 Experimental Validation

A prototype of the matched feed is fabricated on a FR4 substrate as shown in Fig. and

experimental validation of the same has been performed.
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Figure 5.16: Feed pattern of the proposed structure when only port 1 is excited.
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Figure 5.17: Feed pattern of the proposed structure when only port 2 is excited.

Fig. shows the return losses at both the ports of the proposed feed. The measured return

losses at both the ports have good agreement with both the simulation results. The feed pattern of

the proposed structure when only port 1 is excited is shown in Fig. It may be noted that the

proposed matched feed shows behaviour similar to a CMPA operating in TM1; mode. The measured

and the simulation results are in good agreement. Fig. shows the feed pattern when port 2 is
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excited. In this case, the feed pattern is similar to a CMPA operating in TMs; mode. Closeness of
the measured results of the feed patterns with simulation results (using HF'SS and CST) suggests that
the proposed feed would be able to achieve the CFM for reflector patterns when the ports are excited

at the desired ratio.

5.3 Design and Analysis of Second Matched Feed

A dual-mode matched feed using the dominant mode of a RMPA and a higher order mode of a
CMPA at an appropriate excitation ratio is investigated in this section. The broadside pattern and the
conical patterns are generated in the proposed feed using two different geometry, RMPA for broadside
pattern and the circular microstrip patch antenna (CMPA) for conical pattern. The matched feed
is used to illuminate an ORA as depicted in Fig. with D = 10\ at the operating frequency of
3.5 GHz (5G mid-band) for 5G base stations. The cross-polar performance of the ORA fed by the

proposed matched is investigated for F//D = 0.4,0.6 and 0.8.

5.3.1 Working principle

Matched feeds are designed to suppress the cross-polarization in the asymmetric plane by adding
suitable higher order modes at an appropriate excitation ratio. When an ORA is illuminated with
only dominant mode operating RMPA, high cross-polarization is obtained at the asymmetric plane
of the reflector pattern. To suppress this cross-polarization, the proposed structure in this section,
generates two modes (dominant mode of RMPA and the TMy; mode of CMPA) at an appropriate
ratio. The TMs; mode in the CMPA is excited at an orthogonal phase relation with the dominant
mode in RMPA patch. Assuming an infinite ground plane, the field pattern for the proposed feed can

be expressed using basic cavity model as;

Eq(0, ) Ep10(0, ¢) L Coq Eyy (0, 9)
= +(—J)Ci )
E¢(07¢) E¢>10(0’¢) 10 E¢21(97¢)
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5. Matched MPA Feeds for Small Offset Reflector Antenna

where,
Ep10(0, ) B —7j cos qﬁ(% cos V)
E410(0, 9) j cos 0 sin ¢(S2Y cos v)
k
w = 0 gin @ sin o,
2
effk
= 27 in g cos o,
2
Ego(0,9)| | cos26(Ji(uz1)—Js(uz1))
Eyp1(0,0)| | cos0sin2¢(J1 (ug1)+Js(uz1))
and

Umn = koQmp Sin 6.

Here, the primed and unprimed field components corresponds to CMPA and RMPA, respectively.
It may be noted that the analytical model discussed in this section assumes zero coupling between the
two patch layers. The analytical expression obtained is then used to calculate the reflector pattern
of the ORA using geometrical optics (GO) method using a code developed in MATLAB in chapter
2. While, the analytical model of the proposed feed clearly depicts its working, the CAD model
designs of the feed obtained in HFSS is further used to obtain the coupling between the two ports
and the aperture field distribution of the feed. The proposed matched feed structure is designed in
HFSS as shown in Fig. It is a two layer structure with both the patch layers being excited by
two individual 502 wave ports. The substrate material selected for both the dielectric layers is FR4
(dielectric constant of 4.4 and dielectric height of 1.6 mm). The length (L) and width (W) of the
rectangular patch at the top layer is 19.5 mm and 23.5 mm, respectively. The radius of the TMy;
mode generating lower CMPA is 19.1 mm. The aperture field distribution of the structure obtained

in HFSS is shown in Fig. It can be observed that the aperture field distribution is similar to the
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[
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Figure 5.18: Proposed matched feed in HFSS.
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Figure 5.19: Aperture field distribution of the proposed feed when (a) only port 1 is excited, (b) only port 2
is excited and (c¢) both the ports are excited.

dominant mode of RMPA when port 1 is excited. Similarly, TMs; mode of CMPA is obtained when
port 2 is excited. While, in case of simultaneous excitation of both the ports at an appropriate ratio,
will result in the aperture field depicted in Fig. ¢), which will be discussed in further details in

the next section.

5.3.2 Simulation results and discussions

The g—ﬁ value plays a crucial role in the design of a matched feed. At an optimum value of the g—ﬁ,

the aperture field distribution of the proposed structure will provide an optimal field matching required

to achieve minimum cross-polarization and is obtained through a parametric study. The optimum value

TH-2472_146102025

91



5. Matched MPA Feeds for Small Offset Reflector Antenna

Table 5.4: Cross-polarization at ® = 90° in the reflector pattern when the F/D of the ORA is varied

% g—fé HFSS Cross-pol Cross-pol g—fé analytical |Cross-pol Cross-pol
(HFSS-PO) (HFSS-PO) (MATLAB- |(MATLAB-
Unmatched  |Matched GO) GO) Matched
Umatched
0.4 (0.4 -17 dB -34.1 dB 0.55 -18 dB -37.14 dB
0.6 (0.3 -21 dB -40.28 dB 0.45 -21.7 dB -42.67 dB
0.8 0.2 -24 dB -42.05 dB 0.3 -24.86 dB -45.71 dB

of g—ﬁ obtained using this parametric study for three different values of F'/D is tabulated in Table
It may be noted that as the F'/D increases, the value of g—ﬁ also decreases. Moreover, the cross-polar
performance of the ORA with the matched feed also improves for higher values of F//D. To account
for the amount of cross-polar suppression obtained by the proposed matched feed, a comparison of
the cross-polar levels obtained in the reflector pattern of an ORA with F'/D = 0.6 at the asymmetric
plane is shown with matched and unmatched feed, in Fig. and Fig.

Copol (unmatched) at ©=90"
—*— Crosspol (unmatched) at =90

ol T S | Copol Gmatched) at =90
§ : ==" Crosspol (matched) at £=90

20

30 %

Normalized amplitude (dB)

o4 % .........

Theta (Degree)

Figure 5.20: Reflector pattern at the asymmetric plane (® = 90°) obtained for an ORA with £ = 0.6 using
GO MATLAB code

The copolar pattern obtained using both the GO code and the HFSS-PO show similar trends.
While, the unmatched cross-polar levels using both the techniques is almost the same, the matched
cross-polar levels within the main beamwidth differ slightly. This difference may be due to the fact
that the analytical equations of the proposed model used for GO code does not consider the mutual

coupling between the two patch layers which is taken into account in HFSS-PO. The feed pattern of
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0 . —% Copol (unmatched) at D=90"
—%— Crosspol (unmatched) at =90
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206k ............ T SR
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-40 RRTTR N am — O T ................. R
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Figure 5.21: Reflector pattern at the asymmetric plane (® = 90°) obtained for an ORA with % = 0.6 using
HFSS-PO

the proposed structure with the optimized value of g—ﬁ using both HFSS and CST is shown in Fig.
The feed pattern has higher cross-polarization in comparison to an unmatched feed (TM;¢ mode
of RMPA). This higher cross-polarization in the matched feed is due to the TMy; mode generated in
the CMPA and has led to the cross-polar suppression of more than 19 dB as depicted in Fig. and

Fig.

Table 5.5: Performance of ORA fed by the proposed feed

Offset reflector parameters | [Proposed matched feed|
Frequency (GHz) 3.5
Reflector Size 10X
Crosspol (dB) -40.28
First SLL (dB) -19.61
-30 dB Xpol BW 2.28%
Gain (dBi) 22.83

5.3.3 Experimental validation

A prototype of the proposed dual-mode matched feed structure is fabricated and is shown in Fig.
As discussed earlier, the prototype is a stacked dual layer microstrip patch antenna with two
ports at 4 mm and 12 mm from the centre of the prototype. The prototype has a finite ground plane

of dimension 90 mm x 90 mm. The measured return losses obtained at both the ports are shown in
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Figure 5.22: Feed pattern of the proposed dual-mode matched feed with optimized excitation ratio between
the two modes (TM;9 mode and TMs; mode).

Fig. [5.24] and are in good agreement with the results obtained from HFSS and CST. The radiation
pattern of the prototype for two cases are measured for an X-polarized wave at ¢ = 90°. In case 1,
port 1 is excited and port 2 is terminated with a 50 €2 matched load. Similarly, in case 2, port 2 is
excited and port 1 is terminated with a 50 2 matched load. The radiation pattern measured in both
the cases as shown in Fig. and Fig. are in good agreement with the simulation results.
The small deviation observed between the measured and the simulation results may be due to some
minute fabrication errors in terms of dimensions. Further, presence of a small air gap while stacking

the patches may have resulted in the slightly improved return losses in case of measured results.

5.4 Conclusion

Two matched feeds for an offset reflector with small size is presented in this chapter. The first
matched feed is a stacked microstrip antenna consisting of a TMj; mode operating CMPA on the
top and a TMjy; generating lower AR patch. The optimum excitation ratio between the two ports
is obtained using a parametric study. The effect of the inner radius of the AR patch on the overall

cross-polar performance of the reflector is studied. The nature and strength of the asymmetric coupled
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Figure 5.23: An image of the matched feed prototype fabricated on FR4.
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Figure 5.24: Return loss of the proposed matched obtained using HFSS, CST and measurement.

field generated on the CMPA at the top varies due to variation in the inner radius of AR patch. This

asymmetric coupled field also aids in the cross-polar suppression in the reflector pattern. The cross-

polar performance of the ORA illuminated by the proposed matched feed is found to be better than

-42 dB at the asymmetric plane.

The second matched feed is a dual-mode stacked microstrip antenna consisting of a bottom layer

TMas; mode generating CMPA and a dominant mode RMPA at the top has shown good performance as
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Figure 5.25: Feed pattern when only port 1 is excited and port 2 is terminated by a 50 €2 matched load.
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Figure 5.26: Feed pattern when only port 2 is excited and port 1 is terminated by a 50 €2 matched load.
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5.4 Conclusion

a matched feed. Cross-polar performance in the reflector pattern for the matched feed is obtained for
different values of F//D. A cross-polar performance is improved by almost 20 dB when the proposed
matched feed is used to illuminate an ORA, instead of a single dominant mode operating RMPA.
The ORA with the two novel matched feeds presented in this chapter has potential application as a
backhaul antenna for 5G sub-6 GHz band.
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6. Summary of Thesis and Future Study

In this thesis, matched feeds for offset reflector antennas using microstrip antenna elements and
arrays are investigated. A summary of the contributions of the thesis is given in section 6.1 and an

overview of the possible future scope of investigation is provided in section 6.2.

6.1 Summary of Work

The contributions of this thesis can be summarized as:

6.1.1 Dual-mode CMPA as matched feed

A dual-mode CMPA is proposed as matched feed for the offset reflector. TMy; and TMsy; modes
are generated at an appropriate ratio using a dual-layer stacked CMPA. An analytical model of
the proposed feed is derived using the basic cavity model. The proposed matched feed has been
investigated using the analytical model and two commercial CAD simulators, namely HFSS and CST.
The cross-polar performance of the feed in the reflector pattern is analyzed using a GO code and HFSS-
PO. The proposed matched feed has achieved cross-polarization better than -32 dB in the reflector

pattern.

6.1.2 Single layer CCA matched feed

A single layer CCA matched feed is proposed and investigated as matched feed for offset reflector
antenna. The CCA matched feed is analyzed using the mathematical model as well as CAD simulators.
The single layer CCA matched feed also works on the same principle of conjugate field matching and
provides a cross-polarization better than -34 dB in the reflector pattern. The overall gain of the

reflector is also improved by this proposed matched feed.
6.1.3 Dual layer CCA matched feed

A dual layer CCA matched which works on a technique similar to the previous matched feeds is
proposed.

6.1.3.1 Beam shifting and beam size control

The dual layer CCA matched feed is also investigated for beamwidth and beam size control in the

reflector pattern.
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6.2 Future Scope of Investigation

6.1.3.2 Dual band application

A dual band feed using the same dual layer CCA arrangement is also proposed. In the dual band
feed, the central dual-mode CMPA and the surrounding ring elements work on two different frequency
bands. The dual band feed is designed to provide cross-polarization performance better than -32 dB

in the reflector pattern for an offset reflector with F//D = 0.8

6.1.4 Matched feeds using annular ring patches

Annular ring is used to generate the required TM9; mode in a dual layer matched feed. For an
optimum inner and outer radius of the annular ring, a coupled field similar to TEo; mode is generated
which further aids the cross-polar suppression in the reflector pattern. This matched feed is analyzed
for a smaller offset reflector with diameter of 10A. The cross-polarization within the main beam of

the reflector is better than -42 dB.

6.1.5 Matched feed using RMPA for dominant mode and CMPA for TM,; mode

A matched feed using RMPA for dominant mode and CMPA for TMs; mode is proposed for an
offset reflector with diameter 10A. The proposed matched feed is investigated for different F'/D using
both the GO code and the HFSS-PO. The cross-polar performance of the matched feed is better than

-40 dB. The offset reflector system is designed at the sub-6 GHz frequency band.

6.2 Future Scope of Investigation

Some of future scope of investigation on matched feeds using microstrip antenna elements and

arrays are given as:

6.2.1 Circularly polarized matched feeds

The matched feeds designed and investigated in this thesis are linearly polarized feeds. However,
some of the emergent applications require the reflector feed to be circularly polarized. It may be noted
that for a circularly polarized feed, beam squint occurs in the reflector pattern. This beam squint can
be rectified by using circularly polarized matched feed. Thus, investigation of such circularly polarized

matched feed can be an attractive option for future studies based on microstrip matched feeds.
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6.2.2 Multibeam offset reflectors

The matched feeds designed in this thesis mostly produce single beam in the reflector pattern.
Although, chapter 5 discusses the beam shifting and beam size control in the reflector pattern by
using dual-layer CCA matched feeds, use of such matched feeds for multibeam application presents

an exciting prospect for future studies.

6.2.3 Investigation of other higher order modes for conjugate field matching

The higher order asymmetric mode used for conjugate matching in the entire thesis is primarily
TMy; mode. From the literature review discussed in chapter 1, it is observed that certain other
asymmetric field configurations can also be used for cross-polar reduction in the reflector pattern. A

similar investigation can be performed for microstrip antenna modes for different mode combinations.
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Experimental Setup for Measuring
Feed Antenna Pattern
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A. Experimental Setup for Measuring Feed Antenna Pattern

The measurement of the feed pattern is performed under normal laboratory condition. An illus-
trative diagram and photograph of the experimental setup is shown in Fig. [AI] The transmitter
block consists of a broadband horn antenna which is fed by Rohde & Schwarz RF signal generator
(SMBV100A). The receiver block consists of the proposed matched feed antenna which is mounted
on a rotary mechanism. The strength of the receiving RF signal is measured using Agilent spectrum
analyzer (N1996A). The radiation pattern at principle plane is measured by rotating the test antenna

by 5°.

Homm antenna

Matched feed .

Rotary system

Agilent spectrum
\—. analyzer i |
N1996A |

Rohde & Schwarz RF
signal generator
SMBVI00A

Receiver block Transmitter block
(b)

Figure A.1: (a) Illustrative diagram of the experimental setup (b) Photograph of the experimental setup for
pattern measurement of the proposed feed with annular ring patch at the bottom.
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