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Abstract

This research deals with the analysis and design of few novel matched feed structures for offset
parabolic reflector antenna systems. An effective hybrid numerical technique is developed to evaluate
the performance of a complete system of feed and reflector which reduces computation time and
memory requirement at the same time maintain appropriate level of accuracy. The hybrid technique
is formed by using the combination of mode matching (MM) and 2-D finite element method (FEM) for
interior field analysis of horn; method of moment (MoM) solution for Kirchoff Huygen’s equation using
Rao, Wilton and Gilsson (RWG) basis functions for open ended waveguide problem; physical optics
(PO) to evaluate the far field radiation pattern of the reflector. The performance of this technique
is compared with simulated results of HFSS and close match is obtained. Further, particle swarm
optimization (PSO) technique and analytical or computed semi-analytical far field pattern of feed
aperture using the available analytical or 2-D FEM based solution of Helmholtz equation respectively,
are incorporated for conjugate matching to estimate the mode coefficients and relative phases in the
matched feed design. In this thesis, the details of conjugate matching and matched feed design is
investigated and also, few novel matched feed configurations are introduced. The proposed matched
feed structures reported in this thesis have the ability to achieve the wide bandwidth for both return

loss and conjugate matching.

Keywords: Matched feed, offset parabolic reflector, mode matching, 2-D finite element method,
method of moment, Rao, Wilton and Gilsson basis functions, physical optics, Particle Swarm Opti-

mization.
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1. Offset Parabolic Antenna system: a brief introduction

This chapter presents the introduction and basic theory of an offset reflector antenna. The mo-
tivation of the work and summary of the contributions of the thesis are reported in this chapter. A

flow chart is also presented which highlights the individual chapter’s work.

1.1 Introduction

Offset reflector antennas offer features such as reduced aperture blockage, low side lobe levels, and
isolation between feed and reflector as compared to their axisymmetric counterpart. Such features
have been made use of in various applications like satellite communication, telemetry, remote sensing
and mono-pulse tracking radar, etc [1]. In spite of these advantages, such reflector antennas often have
limitations in exploiting the benefit of frequency reuse and effect the accuracy of the signal tracking
by exhibiting high cross-polarization level when illuminated with linearly polarized feed. On the other
hand, it also suffers from beam squinting when illuminated by a circularly polarized feed. Several
remedial measures to reduce the depolarization effect of such antenna which have been reported in

literature are as follows:

e Maintaining large focal-length-to-diameter ratio (F//D) and small tilt angle («) helps in solving

such problem [2]. However, large F'/D results in a bulky and heavy structure.

e Use of the polarization selective grid has been proposed for offset reflector, so that it discriminates
the cross-polar level in the secondary pattern [3]. Such solution may add complexity and increase

system cost.

e Use of conventional dielectric lens in front of the horn is a way of reducing cross-polar power of
an offset reflector antenna [4]. However, presence of dielectric increases the noise temperature

as well as reduces the system gain.

e Rudge and Adatia proposed the conjugate matching technique which combines appropriate
amount of desired higher order modes with dominant mode to reduce the cross-polar power
of secondary pattern [1]. This technique is widely used nowadays for the design of feed as a

multi-mode horn or antenna array. Such feeds are called matched feed.

With the increase in number of satellites on orbits, reducing the possibility of interference with

other satellites is becoming increasingly important now a days. To minimize this interference, the
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amount of side lobe and cross-polarization energy should be as low as possible in the principal plane
of transmitting and receiving antenna; and a narrow main beam is also preferable for satellite com-
munication. Taking those considerations into account, offset parabolic reflector antennas are often
preferred over other narrow beam antennas, such as center feed parabolic antenna which suffers due
to aperture blockage, dual reflector system which has drawback of noise temperature and low effi-
ciency, and antenna array which has narrow bandwidth and high power loss etc [1]. Offset parabolic
reflector antenna, which is a variant of parabolic reflector antenna, is extensively used in satellite
communication systems like remote sensing, telemetric and TV broadcasting.

Design of compact offset reflector antenna system requires low values of F'/D (F: focal length,
D: diameter of the offset paraboloid antenna). Further, small F//D reduces the side lobe energy and
creates very narrow pencil beam [1]. However, it increases cross polarization for a linear polarized
feed. As mentioned earlier, literature provides the conjugate matching techniques to suppress the cross
polar power with the use of multi-mode horns [1,5,6]. Also, it is mentioned in [1] that the performance
of offset parabolic reflector antennas is strongly dependent on the feed characteristics. Although the
concept of matched feed is known to the research community for a long time, it may be mentioned
that the design methodologies of such feeds have not been dealt comprehensively in literature. The
design of such feeds is quite involved and simulation of the entire system using CAD-tool is often very
time-consuming. Matched feed design for offset reflector is still an active area of research as apparent
from recent publications in this field. A tri-mode (TE}l;, TM1,, TE};) circular matched feed [7] has
been used to feed the gravitationally balanced back-to-back reflector antenna, a rectangular matched
feed has been proposed for mono-pulse radar using TEg; and TE;; modes [6], and a corrugated circular
matched feed using HE}; and HEZ; hybrid modes have also been developed [8]. A simplified analytical
study on the dual-mode circular matched feed using TE1; and TE3, modes has been presented in [9]
and a ring choke excited compact dual-mode circular waveguide feed using similar type of modes
has also been proposed in [10]. A novel dual-mode dual-polarized circular waveguide feed excited
by concentrically shorted ring patch is presented in [11]. A new kind of feed having symmetrical
cascaded discontinuities which are created using intersection of three off-centered junctions of circular
waveguide placed symmetrically with angular spacing of 120° operated with TE}, and TES; modes, is
proposed in circular waveguide for broadband operation of conjugate matched feed [12]. Several other

literature related to conjugated matching are also available [13-15]. Such recent works motivates us
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to investigate the various aspects of the design of multi-mode matched feed.

There has been considerable development in solving the electromagnetic (EM) problems using
numerical techniques such as finite-element method (FEM), method of moment (MoM), finite differ-
ence time domain method (FDTD) etc. Such techniques can be applied along with geometric optics
(GO), physical optics (PO), geometric theory of diffraction (GTD) and physical theory of diffraction
(PTD) for calculation of radiated fields. However, solving practical problem using such techniques
are quite involved. Instead of using a single techniques, combination of techniques are preferable. A
combination of these techniques can be applied keeping in view the accuracy of solution, requirement
of computation resources and time. Therefor, objective of this research is also to develop hybrid
techniques for analysis and design of multi-mode feed horn structures and investigate the performance
of the complete system including the offset reflector. Literature which have mostly inspired or moti-
vated us to develop the hybrid technique to analysis the entire system of offset reflector antenna, are

mentioned in [16-19].

1.2 Basic Theory and Literature Survey

The use of the reflectors started even before the 2°d world war in the fields of defense and space
communication. World’s largest radio telescope; Green Banks uses an offset reflector [20] having
diameter 100-m. The basic theory on feed and reflector system are found in some classic text books
[21-26]. Mainly, an offset reflector system is composed of three parts; reflector, feed and supporting
stand for feed. The supporting-stand and feed do not make any blockage for the main lobe which is
highly preferable for such type of systems. Conventionally, horn is considered as a primary feed due
to its ability to control the reflector radiated field by the suitable excitation of feed pattern.

The schematic and focal plane aperture of an offset parabolic reflector is illustrated in Figure [Tl
In practical application, different kind of aperture shapes like elliptical, circular, rectangular etc are
used. Offset parabolic reflector having circular aperture is most widely used in practical application
and has been considered for this thesis. The detail of configurations of offset reflector system including
its all relevant axies are shown in Figure [Tl Here, {4, ya, 24}, {zFr, yr, zr} and {zr, yr, zr}
are the coordinate of the reflector, the feed and the reflector radiation field, respectively. F, D and
H are the dimensions of reflector viz. focal length, diameter and offset height. The other parameters

used to model of such system are tilt angle («) of feed and half illuminated angle (fr). These can be
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—Ya

—YF

Figure 1.1: Offset reflector illuminated with feed.

represented as:

D+ H H
O = tan ! 2—; —tan~! 7 (1.1)
H
o = tan ! D —; + tan ! % (1.2)

As mentioned earlier, offset reflector is most preferable in practical applications for having features
such as reduced aperture blockage, high antenna efficiency, low side lobe levels, and isolation between
feed and reflector as compared to other narrow beam antennas. On the other hand, literature provides
the evidence on the basis of measurement as well as based on the analytical study that offset reflector
has a strong depolarization effect on the main lobe [1,27]. Due to such depolarization effect, cross
polarization appears in the main lobe when reflector is illuminated with linear polarized feed and
on the other hand beam squinting occurs when the reflector is excited with circular polarized feed.
As mentioned in Section [[LI] such depolarization effect degrades the system performance and such
effects are more pronounced when F'/D ratio is small. To remove the depolarization effect, several
techniques [1-4,28] have been proposed in literature as specified in earlier Section. Based on literature
survey, focal plane matching technique is found to be one of the most attractive solution to eliminate

the cross-polar power of offset reflector antenna. It may be noted that the linear polarized matched feed
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has wide applicability in the development of the frequency reuse systems. For such systems, achieving

cross polar power level 30 dB below the reference power (co-polar power) is generally considered

O

Figure 1.2: (a) focal plane field for x-polarized feed; (b) focal plane field for y-polarized feed.

acceptable.

N

Focal plane fields of an offset reflector are illustrated in Figure for the excitation of linear x
and y polarized feed, respectively. It can be observed that an unwanted field of complex value appears
along with the desired field. The basic principle of the focal plane matching technique, is used to
suppress such unwanted power, which satisfies the criteria that the tangential electric fields at feed’s
aperture are complex conjugate of the focal plane fields of the offset reflector antenna (as specified for
linear polarized feed in Figure [[.2)). Also, it is found in literature [1,29] that multi-mode horn and
antenna array have the ability to meet such criteria. Rudge and Adatia in [1] have shown the use of
appropriate higher order mode(s) along with fundamental mode to compensate the cross-polar power.

Also, several combination of modes are proposed for the matched feed design which are enlisted in

Table [[1]
Table 1.1: Waveguide modes for multi-mode matching
Feed structure plane of symmetry (x) | plane of asymmetry (y)
Smooth-walled cylinder TE], + TMi, + TE}, TE}, + TM{;, + TE3;
Corrugated cylinder HE], + HE}, HE?, + HE3;
Smooth-walled rectangular | TEq; + TEH/TMH TEq19 + TE9g

As we know, generating the conjugate mode inside the horn using the junction(s) always affects
the return loss. On the other hand, maintaining the conjugate phase of higher order mode(s) for wide
band at the feed aperture is a quite difficult task because main operating mode and the conjugate mode
always propagate with different propagation constants. Current trend in matched feed design is to
achieve the wide-band conjugate matching and maintaining the return loss within the operating band,

which is very challenging. Several matched feed structures are recently reported in literature [6-12]
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Figure 1.3: Matched feed configurations: (a) using TEj; + TM}; + TE3, published in 2009 [6]; (b) operated
with HE}, + HE3, published in 2009 [7]; (c) employing TEq; +TE;; appeared in 2009 [8] ; (d) usmg TE11 —|—TE21
published in 2011 [9]; (e) operated with TE7; + TEj, published in 2012 [10]; (f) employing TE}, + TE3, /TE?, +
TE3, appeared in 2013 [11]; (g) using TE7, + TE3, published in 2015 [12];

based on the operating modes as specified in Table [Tl Such motivating works are already introduced
in Section [LJl Most attractive and some good performing matched feed configurations reported in
literature are shown in Figure [[.3]

Design of matched feeds using the available CAD tools is a challenging task. Basically, CAD tools
are built based on any low frequency methods like FEM, MOM, FIT and FDTD employ volume or
surface meshing. Generally, two kind of simulation models are used to analyze the feed and reflector
model as (a) feed is kept within same radiation boundary to obtain the reflector pattern and (b)
feed and reflector patterns are solved separately where evaluated far-field pattern of feed is used as
a source for reflector. Usually, the reflector is at least several wavelengths in diameter. The number
of meshes needed to solve scattering from such structures becomes huge and it demands very large
amount of computing resources and time. Some recent CAD tools address this issue by providing a
hybrid platform for computation. Generally, reflector pattern is calculated using PO while the reflector

is illuminated by the feed pattern computed using the basic method used in a particular CAD tool.
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With PO, main lobe pattern can be computed quite accurately, although the predictions of the far
side lobe pattern is not accurate [8]. Keeping in view the facts mentioned, in this thesis, PO has been
used to compute the reflector pattern and a 2-D field solver is developed to keep the computation
requirements reasonable. On the other side, to analyze the feed, authors are motivated to develop the
feed model using 2-D solver for overall efficient analysis. A hybrid technique which is a combination

of MM/2D-FEM/MOM, is decided based on the literature [16-19] to analyze the feed.

1.3 Objectives

From the discussions presented in the earlier section, it can be seen that a feed antenna has a
critical role in determining the overall performance of the offset parabolic antenna system. Moreover,
performance evaluation of the complete system involving the offset reflector and the feed is quite
involved. The objective of the thesis work is to investigate and propose new matched feed structures
and implement the hybrid technique to investigate the entire system of offset reflector antenna. In

order to meet the thesis objective, following majors tasks are to be carried out:
e Pattern calculation in case of an offset parabolic reflector for a given feed excitation.
e Development of an efficient hybrid numerical computing technique to analyze the feed antenna.
e Design of matched feed for a given specification of parabolic reflector.

e Development of analytical/numerical technique for synthesizing the feed and reflector.

1.4 Thesis Contribution

Various factors which influence the cross-polar performance of a conjugately matched feed have
been investigated in detail.

Novel matched feed configurations have been proposed for obtaining wideband cross polar perfor-
mance. Rectangular matched feed employing TEg; and TM1; modes have been designed and its cross
polar performance has been investigated. Circular matched feed structure involving TE},, TMj; and
TEJ, modes has been developed. Matched feed design involving non-regular geometries and waveguide

modes have also been introduced. A diagonal matched feed has been investigated for the application
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of horizontal-polarization. A rectangle choke excited by two slots on a diagonal waveguide has been
proposed for the wide-band application.

Hybrid methods along with numerical codes have also been developed to investigate the perfor-
mance of the proposed horn geometries. The proposed methods are reasonably accurate with compar-
atively lower computation complexity. For the adopted hybrid technique, the major steps are outlined

in Flow chart 1 and the following major issues have been addressed appropriately in this thesis:

(a) Formulation of closed form expressions of reaction matrix for waveguide junctions for application

of mode matching technique.
(b) Investigation of discontinuities using combination of MM and 2D-FEM techniques.

(c) Use of Kirchhoff-Huygen’s principle to solve problems related to horn aperture in a finite ground

plane and computation of field quantities employing RWG functions and 2D MOM.

(d) Development of PO technique for evaluation of reflector pattern.

1.5 Thesis Organization

The rest of this thesis is organized as follows:

Chapter 2: Interior Field Analysis using MM Technique

In this chapter, analysis of scattering parameters of regular shape horn (like rectangular and
circular) using mode matching (MM) technique is reported. In case of tapered junction of regular horn
structure, the closed-form expression of reaction matrix which aids in efficient implementation of the
codes for junction analysis is formulated. Also, the convergence issue of MM technique is discussed. In
addition, the theory of generalize scattering parameter (GSP) is presented in this chapter. To evaluate
the performance of this technique, several horn structures having smooth, stepped and corrugated walls
are studied and for such horn structures, results computed using our developed code in MATLAB are

compared with simulated results of HF'SS.
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Flow chart 1: Integrated environment to analyze the matched feed and offset reflector antenna.
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Chapter 3: A Hybrid MM /FE Technique to Analyze Horn having Discontinuities

This chapter presents the solution of Helmholtz equation using 2-D finite element method (FEM)
to calculate the fields and their cutoff wave-numbers for non-regular surfaces. Delaunay triangulations
are used to develop the FEM solution. The related theory for accurate prediction of eigenvalue and
eigenvector for the solution of Helmholtz equation is discussed. The issues related to the calculation
of reaction matrix for non-regular junction employing MM technique are elaborately discussed. The
performance of this hybrid technique which is a combination of MM and 2-D FEM is evaluated in

case of stepped cylindrical horn containing inner posts.

Chapter 4: Analysis of Open Ended Waveguide using MoM Technique

This chapter discusses the theory based on which the aperture problem related to multi-mode
horn is modeled using the method of moment (MOM). The Rao-Willton-Gillson function (RWG) and
Delaunay triangulations are used for 2D MOM solution to model for cases of horn having aperture
on finite and infinite ground plane. Kirchhoff-Huygen’s principle has been applied to model the horn
aperture on a finite ground plane. The singular problem of the solution of scattering electric and
magnetic field equation (EFIE, MFIE) is also described in this modeling. The performance of several
horn structures are investigated using those techniques and the results are also compared with the
simulated results obtained using HFSS-15. The theory behind the calculation of approximate far field

pattern of multi-mode feed using Chu’s model (analytical model) is also elaborately explained.

Chapter 5: An Analytical/Semi-analytical and Proposed Hybrid Technique for Reflector-
Feed model

In this chapter, the far field pattern calculation of an offset reflector antenna using physical optics
(PO) is reported. A brief discussion on particle swarm optimization technique (PSO) is presented as
PSO has been used as a tool for optimization. Matched feed design using this optimization technique
along with analytical or semi-analytical model of feed and reflector is also presented. For the rest of
this chapter, the performance of our proposed hybrid technique comprising of MM, FEM, MoM and
PO is evaluated for a proposed new kind of circular matched feed structure. The matched feed design

involves TE};, TM}; and TE}; modes as the operating modes.

11



1. Offset Parabolic Antenna system: a brief introduction

Chapter 6: Design of Novel Matched Feed Structures

In this chapter, several matched feed structures are designed using PSO optimization technique
along with analytical or semi-analytical model of feed and reflector. The first design is a rectangular
matched feed based on TEy; and TMj; operating modes. In the next design, a non-regular type
of matched feed structure for wide-band application is presented in this chapter. This is followed
by a wide-band diagonal matched feed which is introduced to suppress the cross-polar power of the
asymmetric-plane of an offset reflector antenna. A feed structure utilizing the conjugate field radiated
from a rectangular choke excited by two slots on a diagonal horn to suppress the wide-band cross-polar
power of an offset reflector antenna is also proposed. Design techniques for all the horn structures are

explained in details.

Chapter 7: Summary and Future Work

In this chapter, the summary of the works is presented and conclusions are drawn. Possible

directions of extending some of these works are also discussed in the chapter.

1.6 Conclusion

This chapter presents a brief introduction about the offset reflectors and associated feed structures.
After discussing some relevant literature and thesis objectives, the problem statements have been
presented. The overall thesis contribution has been discussed next. The chapter ends by presenting

thesis organization and summary of all the subsequent chapters of the thesis.
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2. Interior Field Analysis using MM Technique

In this chapter, analysis of scattering parameters of regular shape horn (like rectangular and
circular) using mode matching (MM) technique is reported. In case of tapered junction of regular horn
structure, the closed-form expression of reaction matrix which aids in efficient implementation of the
codes for junction analysis is formulated. Also, the convergence issue of MM technique is discussed. In
addition, the theory of generalize scattering parameter (GSP) is presented in this chapter. To evaluate
the performance of this technique, several horn structures having smooth, stepped and corrugated walls
are studied and for such horn structures, results computed using our developed code in MATLAB are

compared with simulated results of HFSS.

2.1 Waveguide junction and modal solution

Waveguide junctions are used to generate the multiple modes. A multi-mode horn can minimize the
cross polarization power for the direct radiation or when used as a feed for reflector antenna in satellite
and radar communication systems. In order to generate the higher order modes inside the waveguide,
the following methods are generally used: step discontinuity, smooth walled taper or transition, iris,
corrugation, septum and bending of waveguide. There are several numerical techniques available to
analyze the interior field of waveguide junction. Techniques such as finite difference time domain
(FDTD), finite element method (FEM) and method of moment (MoM) [30] offer high flexibility but,
often the computation complexity of such algorithms are high. Fast algorithm like the mode-matching
(MM) method is an efficient alternative [31]. In analyzing the performance of a horn, a hybrid scheme
may also be used, such as the use of mode matching technique for interior field of horn and the method
of moment for open ended waveguide problem [32,33]. A good review on mode matching technique can
be found in the references [34-38]. In this section, the theory related to the field solution of waveguide
is briefly discussed.

It is well known that Maxwell’s equations in source free region are defined as:

V x E = —jwpH (2.1)
V x H = jweE (2.2)
V-E=0 (2.3)

14
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V-H=0 (2.4)

Using the equations (21)), (22), (Z3) and (2.4), Helmholtz equation or wave equation can be easily
constructed as V2H + k2H = 0 and V2E + k*E = 0 for TE and TM modes which has a general
form of wave equation as V2W + k?¥ = (0. Using the method of separation, ¥ can be written as
U = Uy (z,y)¥(z) in rectangular coordinate and ¥ = W;(p, »)¥(2) in cylindrical coordinate. In the
solution of this equation, ¥(z) = Ate 7% + A~ et7? AT represents the forward, A~ presents the
backward coefficient and + is wave propagation constant. The normalized scalar potential can be
easily constructed for rectangular waveguide using the separation variables technique employed with

Dirichlet and Neumann boundary conditions as found in [39] and the solutions are given as:

e 2 ab mm nmw
TE mode: Uy (z,y) = \/(1 T oom )1 £ don) (b + (na)? cos( - x) cos( 2 Y) (2.5)
ab . omT nmw
TM mode: \I}?m" ({I;, y) = — m SID(T.%) sm(Ty) (26)
0 n %0
where &g, = 7
1 n=20

Here, a x b presents the dimensions of rectangular waveguide and mn represents the mode numbers.

Similarly, the normalized scalar potential of circular waveguide can be formulated as:

TE mode: enp Jn(x;li p) SlH(TlQb)
: (1 + 50n —n?) Jn(m;w) cos(ne)

x"P £y sin n
TM mode: h"p =4/ 5 (né) (2.8)
1 et On Jnt1 -Tnp COS(TLgb)

Here, z;,, represents the p™ root of the derivative of the bessel function (J,,) of the first kind

2.7)

(J5,(25,,) = 0) and r is radius of the circular waveguide. Similarly, x,, represents the p'" zero of the
bessel function (J,,) of the first kind (J,, (znp,) = 0).
Different notations which are mostly used in subsequent sections/chapters of the thesis, are given

in Table 211
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Table 2.1: Summary of TE and TM mode solution.

TE mode TM mode
Boundary (C) conditions Neuman: % =0onC Dirichlet: ¢* =0 on C
e’ = U, x Vu)° el = -Vl
Mode vect i
ode vectors h® = — V¢ h' = —a, x Vot
General conversions ¢= hA e
h=1u, xe
Normalization [ e’ds = [/ h’ds = —k2 I/ P2ds
Propagation constant v =K% — k2
Characteristic impedance AL % ‘ Zh= ﬁ
e/ + —z — 7z
Transverse field E—»t 1Z oe(4 e_ +A_6 )
H, = \/Z_h(A+e 7E— A" eV?)
Y k2 cd k2
Longitudinal field HE = fs9° lfl(;) Eh = jj€¢h¢(z)

2.2 Mode Matching Technique

MM technique is a very popular technique and its basic theory is well established in literature

[34-38]. In this technique, the fields at the discontinuity region of the waveguide are expanded using

suitable number of modes with unknown coefficients.

Scattering parameters are computed using

continuity of tangential electric and magnetic fields at the discontinuity and the application of the

reaction theorem. The values of scattering parameters depend on the reaction matrix which represents

the coupling of fields on the both sides as TE, TM and TEM waves. Hollow wave guide does not

support the TEM mode. In this analysis, only TE and TM mode couplings are considered.

ith

Figure 2.1: Step junction discontinuity:
Si—1, Si, Sn—1 and S,, are the waveguide surfaces.

T+ Ly
I/ n-1 l7?1—1
. S
+ i3
v, v,
[ ] T S e ———
—
S?’E -1 Sn
A
W R [ i e s e e
S Vn V?’f
- -
—
I = n-1

number junction is step up and n!* junction is step down and

Discontinuity of waveguide surface can be represented as a step up or step down junction as shown
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2.2 Mode Matching Technique

in Figure 2l Considering that " junction is located at z = 0, the fields to the left of junction
(z = 07) are represented in matrix form as:

Ei—1 = [ei—1)yy n[Yic1l vy [Vij—l + Vi:l} (2.9)

Nx1

!

ﬁifl = [hi1]y v [Yie1]vww |:‘/z‘—+1 Vi (2.10)

]N><1

where [¢;_1] and [ﬁi,l} are column vectors which contains N number of orthogonal, normalized electric

. . /
, 1s the nt" mode impedance, Vijl,

and magnetic fields. [Y;_1] = [ \/Zln ] is a diagonal matrix, Zf,
0;—1
VZ-,_} are row matrix containing forward and backward voltage equivalent coefficients of different modes.

Similarly, the fields to the right of junction (2 = 0") are represented in matrix form as

Ei = [ei]lxM[Yi]X;XM [Vz+ + Vi_]Mx1 (2-11)

—

H; = [hi]lxM[Yi]MxM [V+ -V

f ok (2.12)

The boundary conditions at the junction are that the tangential electric and magnetic fields are

continuous across the common aperture and tangential electric fields on PEC are zero.

= [Ei on Si_

Ei — {0 on Si—Si_l (213)
7 Hi 1 on Sij_1
HZ - {unknown on S;—S8;_1 (214)

Using the reaction theorem, from equation (2I3]), we can write

//Eilxh;“-dgz//ﬁixhgn.dg (2.15)
Si—1 Si

In matrix form, equation (2.I5) using the equations (2.9)) and (2I1)) can be written as:

PlancYitlwen [V + V4] = Bleadlibor [+ % T (2.16)

Nx1
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2. Interior Field Analysis using MM Technique

where elements of reaction matrix are calculated as:

pnmz//e?_lxhgn-ds?

Si—1
an://eyxh?-d§:{5 o
Si

Similarly, from the equation (ZI4]) and using the equations (ZI0) and ([212]), we can write

//e?_l Xﬁil-dgz//e?_l Xﬁldg
Si—1 Si—1

[QlyunlYi-1lnwn {Vij_l = = [P]TNxM[Yi]MxM [Vi+ - ‘/i_]Mxl (2.17)

}le e

Qum = // <, -d§={)  nom
Si—1

Here, []T represents the transpose of a matrix. The expressions of the sub-matrices of scattering

parameter are given below using the equations (2.16) and (2.17).

[Sil]NxN = [Y;,l + YLi—l]_l [Yéfl - YLFJ

2[Yioy + Yz, ] PTY;

N
—_.
Do
A

I

2y, '+ vy, PY

)

)
Il

[532}MXM - [Yz‘il + YLirl [YLi = Yz‘il]

where Y, , = PTY,Y,PY; ! and Y., =PY; Y, PTY..
The n* junction is antisymmetric junction of the i** junction, to evaluate the scattering parameter
the junction is rotated by 180°. To calculate the P matrix with respect to S, surface, the scattering

parameter can be calculated in the similar way as done in the case of i junction.

2.3 Closed form expression of reaction matrix

As discussed earlier, the scattering parameters calculation using MM technique depends on the

values of reaction matrix which represents coupling values between the fields at the both sides of the
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2.3 Closed form expression of reaction matrix

junction. Closed form solution of reaction matrix can be formulated for junctions of regular shaped
waveguides. Closed solutions are accurate and saves computation time.
The generalized closed-form expressions of the reaction matrix for circular symmetric step junction

are formulated here as:
26n1 no azﬁbrs J'n (ﬂst )

(a2-57) Jn(Byrs)y/ (a2r2—n2) (6pr7 —n?)

......... s # By, TEY @ TESY)

pee =
Onyns gg:g:zz % ..................... s = By, TE™Y @ TEPY]
phh _ { Onyny rb(jgﬂfgg) Jﬁ(lﬁ(%z;i) .................. [t # Bp,  TMZY @ TMEY]
nmﬁ—z% ........................ [as = By, TMZY @ TMY]
o { Sy o \/i’érg_RQ Jﬁ(f(%ri) ........................ [TEZ ® TM{]
~Oniny g \/fgrg_nQ e [TEY @ TMY]
phe —

where 0y, pn, =

rs and ag respectively represent the radius and cutoff wave number for the smaller waveguide while
rp and [ represent the same for larger waveguide. (nim;y), (ngms) represents the different modes
at smaller and bigger surfaces. J,,, ® stands for the first kind bessel function of n*” order and cou-
pling between different modes, respectively. The reaction matrix coefficients P, P¢* | P and Phe
represent the coupling between both side fields of TE (e) and TM (h) mode on both sides of the
junction.

The calculation of P matrix for symmetric or asymmetric junction of rectangular waveguide is
given below:
Pee = u(l—c’mlmg(k:gy — ki) (taw + t12) + gnina(key + k1z)(tow — t12))

Pl = u(bming(key — k1x)(taw + t12) — Smong (kay + k17) (taw — 12))
b

Pﬁﬁl = u( mlmQ(ka + k1x) (tow — t12) — %nlng(kgy — klx)(tgw + tlz))
Pls =0
uw= abed
(1+80my ) (1460n, ) (1+80my ) (1+80ny ) (M2b2+n2a2) (m2d2+nc?)
o +
T = sinc(“H5 "2 )
y = sinc(“Hg 2 )
o dni+b
z = sinc(“H52)
i dni—b
w = sinc(F5"2)
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2. Interior Field Analysis using MM Technique

k1 = cos((m1 + ma + 22” 5)
ko = cos((my —
t1 = cos((n1 + na + 22”)%)
to = cos((ny —ng — —)%)
where n, m represent the (miny) or (mgns) rectangular modes and z,, zy are the offset center distance

between two waveguides in X axis and Y axis and a, b, ¢, d are dimensions of waveguide.

2.4 Formulation of GSP for cascaded junctions

§ 5

1

SZ

12

]1 I

(=Y

1 Dk . L W -n
- z'_ = " = ;'_
bk 4 i by Wy

Figure 2.2: N number of junctions with forward wave in '+’ symbol, backward wave in '—', W7, W are the

wave port 1 and wave port 2.

Equivalent scattering matrix for the structure having N junctions as in Figure is evaluated by
successively combining the S-parameters of individual junctions. The details of such techniques are
reported in this section. Figure shows the N + 1 number of transmission line segments and N
number of junctions, where V,:_l, V,_, are the forward and backward voltage coefficients and I, _; is
the length of the k*" transmission line. Scattering parameter can be written in equation (ZI8) for it"
junction and the equations (2.19) and (220) represent the transmission line matrix for forward and

backward voltage at the k' transmission line. W and Wy are the wave ports which are ideal and

assumed to be a perfect matching layer (PML) such that it will not reflect any wave.

V. LS v,
I I o i=1,2,..N (2.18)
Vit So1 39 Vio
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2.4 Formulation of GSP for cascaded junctions

(Vit) = (Suc) (V50 k=1,2,...N +1 (2.19)

(Vima) = (Stasa) (Vi2) (2.20)

where Sy, | is a diagonal matrix and its n'® diagonal element can be written as

ST = exp(—Yi—1lk-1) (2.21)

and the complex propagation constant v;'_; for n'™ mode can be written as

TRy = ke, )% — K2 = \J(k2, ) — w2puosoe, (1~ jtand), (2.22)

where kg is the cut off wave number of n'" mode and e, (1—j tan ) is the complex dielectric constant
for dielectric material inside the wave guide.

Equivalent scattering matrix of this N number of junctions can be evaluated by successively com-
bining the scattering matrices. Using the equations (2.I8), (2.19), (Z20) and employing the formulas
of inversion and multiplication of block matrix as given in Appendix Bl The equivalent scattering

matrix for the combination of the first i junction can be easily constructed as given below:

SEob = Syl 4 s ls UGSy Sy, S (2.23)
Scomb Sigmbi_lsLi_lUZi i (2.24)

Seombi — gi g Uésgf{mbi—l (2.25)

S5a™ = Shy + 85,8y, UsS5™ 'S, 8], (2.26)

. —1 . . —1
where Ui = ([ ] — S8y,  Ssombiig, ) and U} = ([1] _ geombiorg, S;zsLi_J

The N number of junctions can be combined using the equations ([2.23)), ([2.24), (2.25) and (2.26])
where the last step is to combine the effects for 15¢ and (N + 1)'* transmission line. Finally, the

resultant scattering parameter can be evaluated as:
Sll 512 SLO SCOI‘ﬂbN SLO SLO SCOmbN SLN

521 322 SLN ScombN SLO SLN ScombN SLN
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2. Interior Field Analysis using MM Technique

2.5 Results

Two sets of codes have been implemented to study the scattering parameters of symmetric circular
junctions and symmetric rectangular junctions and the performance of the codes have been verified

with HFSS. Some of the comparisons are given as follows:

Figure 2.3: A stepped circular waveguide figure in HFSS.

s 7|811| using MM
-107 |511| using HFSS

10 11 12 .13 14 15
Frequency in GHz

Figure 2.4: Scattering parameter of stepper junction for TE;; mode.

A four-stepped circular waveguide junction having radii of 10 mm, 12.5 mm, 15 mm, 17.5 mm, 20
mm and each step having a length of 10 mm, is shown in Figure 23l To verify the performance of the
developed code, the computed results are compared with HFSS simulated results as given in Figure
2.4

The performance of a smooth-walled tapped circular waveguide as shown in Figure 2.6 having radii

of 10 mm and 20 mm and length of 40 mm has been evaluated and the verified results are given in
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2.5 Results

Phase in degree

180 -
S11 phase using MM
1001 - © 7811 phase using HFSS
0
-100
-180

10 11 12 13 14 15
Frequency in GHz

Figure 2.5: Stepped junction, phase of S7; for TE;; mode.

Figure 2.6: A smooth walled waveguide figure in HFSS.
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2. Interior Field Analysis using MM Technique

0
— 6 ‘|811| using MM
-10 ——|8,,| using HFSS
_20 L
a8
o
_30 L
GOGO¢
~40} e
o2
50

10 11 12 13 14 15
Frequency in GHz

Figure 2.7: Scattering parameter of smooth walled waveguide for TE;; mode.

Phase of S11 using MM
— o — Phase of S11 using HFSS

Phase in degree
o

|
(o]
o

-180 ‘ ‘
10 11 12 13 14 15

Frequency in GHz

Figure 2.8: Smooth walled waveguide, phase of S1; for TE;; mode.
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2.5 Results

Figure 2.8 and 271
by
] N O w  w W
Z L iy by
. B
by
| B 4
a1
Qg
H \
<z — NN
s k:, D:"::‘: =
by

Figure 2.9: A corrugated rectangular waveguide filled with lossy dielectric in HFSS. Dimen-

sions of our considered structure : {li, I, ls, ai, b1, a2, ba, agz, bz, a4, by, as, bz} =
{10, 2, 2, 10.7, 5, 15, 7, 12, 7, 18, 7, 22, 10} mm.

0 - % - |811| using MM
J S |811| using HFSS

_10 L %

_20 L
)
©

=30t \/*

¥
-40

10 11 12 13 14 15
Frequency in GHz

Figure 2.10: Scattering parameter Sy; for TE;9 mode.

The performance of a corrugated rectangular waveguide as shown in Figure with lossy dielectric
(relative dielectric constant= 2.1 and loss tangent= 0.002) has been evaluated using the formulated
codes and results are given in Figure 210 BTT] and 2131

The choice of the number of modes, such as the unbalanced number of modes or equal number
of modes for both sides of the junction, plays an important role for convergence in MM solution.
However, the exact number of modes which leads to the convergence of the scattering parameters is
generally not known. Our analysis deals with power in multiple modes at input and output. However,

a single parameter can be used to describe the error performance if we compute RMS of S'S* —1/[0],
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2. Interior Field Analysis using MM Technique

— . phase of Sll using MM

—%— phase of S11 using HFSS

Phase in degree

10 11 12 13 14 15
Frequency in GHz

Figure 2.11: Phase of S1; for TE;g mode.

- 7|821| using MM
% |821| using HFSS

3

15

12 1 14
Frequency in %Hz

Figure 2.12: Scattering parameter So; for TE;y mode.

— — _Phase of 821 using MM

—« Phase of 821 using HFSS
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Figure 2.13: Phase of Sy; for TE;g mode.
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2.6 Conclusion

10

10 ¢ E

RMS error

10_3 I I I I
0 100 200 300 400 500
Numbers of mode

Figure 2.14: RMS error of MM technique with respect to choice of number of modes for single junction at 9
GHz.

where S, t and * are the scattering parameter, transpose and conjugate, respectively. It may be noted
that in case of lossless junctions, for active modes S'S* = I (I: unity matrix) and for inactive modes
S'S* = [0]. In this context, we have evaluated the RMS error at 9 GHz of S'S* —I/[0] for a single
junction of a circular waveguide having radii 18.5 mm and 23.5 mm and each having lengths 15 mm.
The plot of RMS error with respect to number of modes is shown in Figure 214l It can be seen that
the error reduces as the number of modes increases. However, beyond a certain number of modes, the

increase in number of modes does not reduce the error any further.

2.6 Conclusion

In this chapter, we have presented some details of the mode-matching based technique for eval-
uating the performance of different types of waveguide junctions. For many practical designs, it is
necessary to generate multiple waveguide modes and the waveguide junctions are often used for this
purpose. Some closed form integration formulas for reaction matrix have been developed which help
in implementing the codes for junction analysis in an efficient manner. Two set of codes have been
implemented in MATLAB for analyzing different types of waveguide junctions. As can be seen from
the results presented, close agreements are obtained with results computed for similar structures using
HFSS. The choice of the number of modes, such as the unbalanced number of modes or equal number
of modes for both sides of the junction, plays an important role for convergence in MM solution.

However, the exact number of modes which leads to the convergence of the scattering parameters is
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2. Interior Field Analysis using MM Technique

generally not known. In spite of the convergence problem, due to its low computational complexity,

MM can be used as a tool for preliminary investigation of waveguide junctions.
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

This chapter presents the solution of Helmholtz equation using 2-D finite element method (FEM)
to calculate the fields and their cutoff wave-numbers for non-regular surfaces. Delaunay triangulations
are used to develop the FEM solution. The related theory for accurate prediction of eigenvalue and
eigenvector for the solution of Helmholtz equation is discussed. The issues related to the calculation
of reaction matrix for non-regular junction employing MM technique are elaborately discussed. The
performance of this hybrid technique which is a combination of MM and 2-D FEM is evaluated in

case of stepped cylindrical horn containing inner posts.

3.1 MM/2D-FEM technique to analyze the interior field

A multi-mode horn is often used as a low cross-polarized feed in an offset reflector antenna for
space communication applications. Conventionally, posts or regular shaped obstacles are used inside
the waveguide to generate the conjugate mode for reducing cross polarization [6-9]. Computation
time and accuracy play important roles in feed design and synthesis. As per literature [18,40-43], a
combination of MM and 2-D FEM is suitable to reduce the computational complexity. At the same
time, it does not compromise much on the accuracy. Other existing iterative solutions such as 3-D
finite difference (FD) [44], 2-D FD/MM [45,46] and 3-D FDTD [47], are less attractive due to large
computation time and memory requirement.

In this chapter, the MM and 2-D FEM techniques are applied for a stepped cylindrical horn
containing inner rectangular posts and computational results are verified with the simulated results
obtained using HFSS-15. This chapter addresses the convergence issues in calculation of the reaction
matrix considering the coupling of the TE and TM modes at the discontinuity surface of the inner
waveguide. Proper numerical treatment is applied for accurately predicting the eigenvalues and eigen-
vectors in calculation of 2-D FEM solution. Although, several works in literature [17,40,48-52] have
been reported for accurate calculation of reaction matrix, our approach is different from those works.

Our approach is elaborated in the subsequent sections.

3.2 Helmholtz equation solution using 2-D FEM technique

In Section 2.1l we have discussed the application of separation of variable technique for solution of

wave guide problem. But, such a technique can be applied for waveguides having regular geometry such
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3.2 Helmholtz equation solution using 2-D FEM technique

as circular, rectangular, elliptical etc. When we need to model waveguide having non-regular geometry
or having discontinuity, numerical techniques become more useful. Several numerical techniques such
as FDM, FEM, FDTD are available for analysis of such geometry. From literature [53,54], we find that
FEM provides very good accuracy. FEM technique for solving the wave equation in guided structure
are reported in this chapter.

The wave equation in a homogenous medium as mentioned in Section 211 is given by V2¢ + k2¢ = 0.
Here, ¢ is the scaler potential of longitudinal magnetic field for TE, longitudinal electric field for TM
mode and electric field for TEM mode, respectively. Solution using variation method for ¢ can be

obtained by optimizing the integral equation as given below:

F@)=5 [[ 1968 - K27]as (31)

The natural boundary conditions i.e. Dirichlet or Neumann boundary conditions must be satisfied.
Now, the total surface is split into small sized meshes like triangular, rectangular etc. This small sized
mesh is called an element and every element has some nodal points. The scalar potential and nodal
point potential for n'" element can be written as ¢7(z,y) and @7, where i is the local node number

of the n' mesh element. Let the scalar potential in an element vary as:

2nd order
15% order T
oMz, =01 =z y 2 y* zy 23 o 2%y xy.... 1 an by cn dpe.... (3.2)

3rd order
Constant

The choice of number of node points (n,) depends upon the order p of the scalar potential function.

(p+1)(P+2)
2

The relation between number of node points and order of polynomial is n, = . The constant

values of scalar potential function can be evaluated using node points, as specified using cartesian
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

coordinate values for equation (3.2). The constant values using equation (3.2)) can be written as:

- - _ - —1 - -

ap, 1L oz oy 2f oy owuyn e - 1
by 1 x y2 a3 Y3 woyy - - 2
C’I’L frd 1 :C3 y3 x% y% J;gyg P “ e 23 (3.3)

Combining equations ([3.2]) and (3.3]), the scalar potential function can be written as

1 @ oy 2} oy myn o o "
1 @y gy 23 43 wayp o0 oo 3
be(r,y)=1[1 =z Y 22 y2 Ty - o] 1 x3 wy3 x?,) yg xT3Y3 e e n
(3.4)
Equation (3.4) can also be written as
i
¢Z(xay) =l o ar oz -0 - :| |: gbgl ¢22 ngg (35)

where « is called the shape function. Substituting the equation ([B.5) into equation (BII), we obtain

[[Voi-Vouds [[Voay:Vagds -+ - n
n 1 ffvaz 'VOéldS ff V&Q 'VCMQdS 22
F(ee) = 9 [ 01 Peo ]
ff ajods ff araods - e gl (36)
]Cg n n ff C%2061d8 ff a2a2d5 e e 22
_7 ¢el e2 ' :

= L™ o] o - S [1] pem
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3.2 Helmholtz equation solution using 2-D FEM technique

Equation is derived for a single element. Solution for the entire region is given by

N

F(¢) =) F(¢!) (3.7)

n=1

From the equations (8.0) and (81), F(¢) can be expressed in matrix from as

F(9) = 216" 0] 18] - 1" (1) 6 (3.8

where C and T are the global matrices consisting of local Cén) and Té”’ matrices coefficients, respec-
tively and [¢] represents the scalar value of all the node points over the global surface. N presents the

total number of elements of entire surface.

3.2.1 Solution of TEM and TE modes

TEM and TE modes must satisfy the Neumann boundary condition. The solution of TEM and

TE mode will be optimization of equation with respect to [¢]. So, 85&)“]5) =0.
(C = K2T][8) = 0 or
[T~'C — kZ1)[¢] = 0 (3.9)

where I is the unit matrix. kZ is the eigenvalues of T~'C matrix and it should be real quantity as
C and T are symmetric matrices. In case of TEM mode, k. is equal to zero and the solution of the

eigenvector will be the scalar potential.

3.2.2 Solution of TM modes

In case of TM mode, the boundary condition should support the Dirichlet boundary condition.
So, the scalar potential at the boundary nodes (¢,) should be zero. From the equation (3.8)), we can

write for the prescribed nodes [¢,,] and the free nodes [¢] as:

1 Cyp C 0] k2 Ter T 10)
F(o) =1 [ b b ] £ Cip Fl h [ b b ] 1 A f (3.10)
Cpr Cpp Pp Ty Tpp Pp

Here %@Sf}) = 0. So, TM mode solution should be [Tf_flef — k21][pf] = 0.
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

3.2.3 Surface Meshing

Surface mesh plays an important role in performance of the numerical electromagnetic calculations.
Several types of mesh such as triangular, rectangular, hexagonal or their mixed types are generally used
for surface meshing. Mainly, triangular mesh having the ability to handle any arbitrary surface are
widely used. One of the triangular mesh is Delaunay triangle. It is used for numerical electromagnetic
calculation due to the availability of fast algorithm for Delaunay triangulation and in such schemes the
absence of similar type of triangle improves the error performance in electromagnetic calculations done
numerically [55]. To develop the FEM code, PDE Toolbox in MATLAB for Delaunay triangulation has
been used. Some codes for graphics interface are developed to draw the desired surface in PDE Toolbox
and collect the information as required. Basically, the information of triangulation are presented as
position vector of node points (it specifies the node number and their position in cartesian coordinate)
and a vector which contains nodes’ number for every triangle and its sub-area information. To close the
PDE tool box after it is used, a code has been developed. Any type of planer objects in PDE Toolbox
can be drawn using circle, rectangular, elliptical, polygon and using the operations of substraction,
intersection and union etc. Also, a MATLAB code is written to identify the boundary nodes and
interior nodes of the surface. Specifically, interior nodes are used for TM mode solution and sometimes
boundary nodes are also used for triangulation of 3D objects. The boundary edge size can be controlled
using step size for triangulation. In Figure 3.I}(a), we represent the property of Delaunay triangular
mesh in which the nodes of a triangle cannot be located inside the circum-circle. Also, different objects
(rectangle Ry, Ro, R3 and circle C) for triangulation using the operation of intersection, union and
substraction, respectively are drawn in Figure B.IH(b). The sub-area of its surfaces (1, 2, 3 and 4) are

also presented in same Figure.

3.2.4 Evaluation of local coefficient matrix in closed form

2D-FEM code has been implemented based on scalar potential as a 15¢ order polynomial using the
Delaunay triangular mesh. Closed form matrix of local C’én) and Te(n) are formulated on the basis of

Appendix as given below:

1
c = E[pipj + GiGjlg,y  Wherei=1,23&j=1,2,3 (3.11)
n
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RZ
2
1
Rl
Figure-a Figure—b
Figure 3.1: Triangular mesh.
2 1 1
A
T® — Zn 3.12
S=7 |1 21 (3.12)
IF 1 g2

where p = [yo — y3, Y3 — Y1, Y1 — ¥Yo], ¢ = [£3 — T2, 1 — 3, T3 — 1] and A, is the surface of the n'*
element (triangle). The global coefficient matrices are assembled using the values of local an) and

T&”) matrix for the FEM solution as specified in Appendix 83l

3.2.5 Eigenvalue and eigenvector calculation for mode solution

The eigenvalue and eigenvector of equation (B.8)) are accurately solved using Lanczo’s procedure
by generating the tri-diagonal matrix to accelerate the convergence [40]. Gram-Schmidt-type re-
orthogonalisation is exploited to ensure better orthogonality even for higher-order degenerate modes
and in each Lanczo’s iteration, the eigenvalue is evaluated by making a sparse matrix using the

minimum degree algorithm of Cholesky decomposition.

3.3 Reaction matrix calculation of MM /2D-FEM technique

As mentioned in Section 2.2] reaction matrix will lead the solution of scattering parameter in MM
technique. The calculation of reaction matrix for any type of junction is presented in this section.

In real scenario, there may be a junction where both side fields are analytically known but closed
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

Table 3.1: “s”, “b”, Ls and {25 represent the small, big waveguide, boundary and surface of small waveguide.
Calculation of Reaction matrix
Matrix element | coupling Surface-integral Line—integral
dyg
(€€ - ef) TE-TE Jf Vit - Vit dfls i $ 90T dLs
d
2 S{f Yeye dQ, —ke Lf e dkbﬁ% dLs ks ~k,
[T Vet - Vedhas Ay
(el - el TM-TM | s b @3 Rz § Tan Vo Ol
dyh d
kgg{f@z)gz/)g A9, by ¢ dv j,ﬁg dLs ks ~Fk,
e h 0 f 1][)6 dwb dL
(e - elt) TE-TM | JJ Vet x Vit d2s Sar.
f g wlf)z dLg
(el - ef) TM-TE 0 0
b
°
V.
®
VY, -
Vi
4 a e

Figure 3.2: a:

11,12, 13 represent the known scalar potential after FEM solution. b : 1 9,2 3,131 are
interpolated scalar potential at the middle edges using the cubic interpolation. ¢ :

val ) Vwczv Vw037 V¢C4

are predicted gradient of scalar potential at barycenter points using 2”¢ order polynomial function.
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3.4 Results

Table 3.2: Scaler potential calculation using Green’s identity.

Normalized the scalar potential
Mode Surface-integral Line-integral
e € 2,/,e
TE | VTVt kg yge g ar
k2 [ [ ee dQ r
Q
h, h h .k
™ {zf Vet Vet dil | ke g Al g,
k2 [ [ phaph dQ g
Q

from of reaction matrix is not available, or one side field is known but other side field needs to be
calculated numerically or both side fields need to be calculated numerically. For all such cases, reaction
matrix needs to be calculated using numerical integration. There are few cases where closed-from
expressions of reaction matrix are available for regular faces, some of them are addressed in Section
The numerical calculation of reaction matrix and normalization of the eigenvector can be done
using surface or line integral according to Table 3.1l and B.2] which are reported in [17,40,49-52]. Use
of line integral reduces the computational complexity. However, there is problem in convergence due to
limited accuracy in prediction of eigenvalue and eigenvector solution for FEM. The error is high when
both side fields are solved using numerical method and also it is required to give a special treatment
for degenerated modes as in Table 3l For the general solution of the normalized eigenvector and
reaction matrix, surface integral containing gradient terms is a better choice to avoid the convergence
of line integrals. To implement the gradient based surface integral, cubic interpolation is used to
predict the scalar potential at the middle of the edges of a triangle as shown in Figure Gradients
at four barycenter points as in Figure B.2l(c), are calculated by forming the second order polynomial
making use of the scalar potentials at the six points on the edges of the triangle as shown in Figure

32A(b).

3.4 Results

FEM code performance is verified for rectangular and circular waveguide by comparing with ana-
lytical results. In Figure B3] we plot the first 16 modes of a rectangular waveguide and their contour
plot of scalar potential function and quiver plot for electric field distribution. We have compared the

normalized scalar potential distribution with analytical solution for TE{; and TM;; mode of rectangu-
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

lar waveguide in Figure B.4] and using 278 node points and 502 number of triangles. It is observed,
normalized field distribution obtained analytically match closely with the computed results obtained
using FEM. In Figure 3.6l we plot the field distribution for circular wave guide using this numerical

code.

TElo

-----

Figure 3.3: First 16 modes of rectangular waveguide: contour plot (solid: —) of scalar potential function and
quiver plot (arrow: —) for electric field distribution.

o Numerical(FEM)
o?@% ® o Analytical

0.5

. Magnitude

- ~, 05
~05 g5 025 SO

Figure 3.4: Normalized scalar potential value, comparison for rectangular TE;; mode with analytical and
numerical (FEM).
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Normalized scalar potential value, comparison for rectangular T'M; mode with analytical and

numerical (FEM).

Figure 3.5

Field distribution of circular waveguide: their contour plot (solid: —) of scalar potential function

and quiver plot (arrow: —) of electric field distribution.

Figure 3.6
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3. A Hybrid MM/FE Technique to Analyze Horn having Discontinuities

In Table[33] the cutoff wavelengths (k.) are compared for first 16 modes of rectangular and circular

wave guide using the FEM and analytical techniques.

Table 3.3: Performance of developed FEM code

rectangular wave guide (dimension @ = 1,b = 1) | circular wave guide (dimension radius r = 1)
mode k. (p =278,t = 502) mode k. (p = 373,t = 688)
Analytical Numerical (FEM) Analytical Numerical (FEM)

TEy 3.1416 3.1468 TEL 1.8412 1.8446
TEh 3.1416 3.1468 TE% 1.8412 1.8446
TE; 4.4429 4.44567 T Mo 2.4048 241

TMi 4.4429 4.44574 TFE} 3.0542 3.0653
TEyp | 6.2832 6.3224 TE% 3.0542 3.0654

T Ey 6.2832 6.3243 TE3 3.8317 3.8522
TE 7.0248 7.0787 TML 3.8317 3.8524

T FE9 7.0248 7.0802 TMZ 3.8317 3.8559

T Mo 7.0248 7.0802 TEL 4.2012 4.2280

T Moy 7.0248 7.0817 TEZ 4.2012 4.2286
TEy | 8.8858 8.9962 TM), | 5.1356 5.1841

T Moo 8.8858 9.0014 TM2 5.1356 5.1850
TEos | 9.4248 9.5674 TE} | 5.3176 5.3713
TEs3 | 9.4248 9.5725 TE? | 5.3176 5.3720
TE3 9.9346 10.0813 TEL 5.3314 5.3908
TE3; 9.9346 10.0881 TE?, 5.3314 5.3914

45 mm

Figure 3.7: Horn structure to evaluate the hybrid numerical code performance.

A MATLAB code is developed to study the performance of this hybrid technique for a X-band
tri-mode horn configuration shown in Figure Bl For performing FEM based computation for post
area, 2914 number of triangles are generated and the 350 numbers of modes are considered for the
MM solution at the junctions. The results obtained for MM /2D-FEM computation are compared with

HFSS-15 results in Figure B.8], It can be seen that computed results are close to HFSS results.
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Figure 3.8: A comparison of scattering parameters’ magnitude computed using HFSS and the hybrid technique.

180

o ~ - -8 TEX phase using MM+FEM :
120~-. ° o 4 o .
Sl o X - B

- ° d * S11 TE11 phase using HFSS

] X .
—_— S21 TE11 phase using MM+FEM

601 : 4
X : N
7 I e S, TE, phase using HFSS :
S [ X i o :
g o «* ***w—,%* SZITEthaseusmg MM+FEM [ € _o\r° o |
] s, TEX, phase using HFSS T
£ oy 7 Ty et g e sou ]
o e o =-=-S_ TM* phase using MM+FEM :
ol e “o N 2V ]

< X i
) o 521 TM11 phase using HFSS

-120

-180
8.2 83 8.4 85 8.6 8.7 8.8
Frequency(GHz)

Figure 3.9: A comparison of scattering parameters’ phase computed using HFSS and the hybrid technique.
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Figure 3.10: A tri-mode smooth wall horn structure to evaluate the hybrid numerical code performance.
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3.5 Conclusion

Table 3.4: The performances of HFSS-15 for 0.0001 error specification and MM/2D-FEM for 350 modes in
terms of computation time and required RAM are specified. The computation has been performed for 15 spot
frequencies.

Parameters of performance | HFSS-15 | MM/2D-FEM
Simulation time 1:2:10 hours | 0:5:18 hours
Used memory (RAM) 2.43 GB 0.87 GB

A tri-mode smooth-walled horn structure containing tapered sections is also studied using this
hybrid technique and the horn configurations are shown in the Figure B.J0. At the post area, 2054
number of triangles are used for the FEM computation and total 350 number of modes are considered
for the MM solution. The computed and simulated results are compared in Figure B.11] and close
match is obtained.

The performances of MM/2D-FEM and HFSS-15 are compared in Table B4 in terms of com-
putation time and the required RAM for the first considered structure shown in Figure 3.7l The
performance has been evaluated by running the codes on an Intel core-4 2400-CPU, 8 GB RAM

desktop. The results in Table 3.4l demonstrates the effectiveness of the proposed method.

3.5 Conclusion

The performance of a hybrid technique employing MM/2D-FEM has been investigated for a tri-
mode stepped circular waveguide structures containing rectangular posts. Such geometries are used in
design of multi-mode horns and the hybrid technique is applied for interior field analysis. It has been
found to be a reasonably accurate method for analyzing structures containing steps and discontinuity
in the form of posts. In this study, a large number of modes have been used to study the tri-mode
horn and the results have been found to be converging. It has been observed that for obtaining similar
convergence, HFSS takes much longer computational time for the considered structures which are

investigated using the MM /2D-FEM technique.
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4. Analysis of Open Ended Waveguide using MoM Technique

This chapter discusses the theory based on which the aperture problem related to multi-mode
horn is modeled using the method of moment (MOM). The Rao-Willton-Gillson function (RWG) and
Delaunay triangulations are used for 2D MOM solution to model for cases of horn having finite and
infinite ground plane. Kirchhoff-Huygen’s principle has been applied to model the horn aperture on
a finite ground plane. The singular problem of the solution of scattering electric and magnetic field
equation (EFIE, MFIE) is also described in this modeling. The performance of several horn structures
are investigated using those techniques and the results are also compared with the simulated results
obtained using HFSS-15. The theory behind the calculation of approximate far field pattern of multi-

mode feed using Chu’s model (analytical model) is also elaborately explained.

4.1 Evaluation of open ended waveguide problem using MoM tech-
nique

In literature, open ended waveguide problem has been investigated using several techniques such
as 3-D model using iterative solution like finite difference time domain (FDTD), finite difference
method (FDM), boundary element method (BEM) [56-58], as well as 2-D MOM, Fourier transform
method and using spherical wave functions. The parameters like computation time and accuracy for
the solution of open ended waveguide problem play the important roles in developing the model of
antenna array and the feed for reflector antenna. Use of spherical wave functions for open ended
problem is a popular technique and it has similarity with the mode matching technique. However,
some drawbacks are reported in literature such as convergence depends on the choice of number of
modes [59]. The open ended wave guide problem has been investigated using computationally less
intensive techniques such as analytical aperture distribution method [60], spectral domain method [61]
and geometric optics (GO)-geometric theory of diffraction (GTD) [62]. The spectral domain method
has a poor performance in predicting the back side scattered field. Analytical aperture distribution
method can not predict accurately the scattering parameters and back-side scatter. The GO-GTD
method has a drawback for the prediction of co-polarization and cross polarization and it cannot
predict the scattering parameter [62]. To solve the scattering problem, 2D-MoM technique is generally
preferable in terms of accuracy and amount of computation involved as suggested in literature [63-66].
Three types of 2D-MoM technique for the solution of open ended wage-guide problem are reported

in literature: first method gives an approximate solution considering the aperture on an infinite
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4.2 MoM formulation for open ended waveguide having infinite ground plane

ground plane [63], second method applies Kirchhoff-Huygen’s principle at outer region of horn [65]
and the third method involves solution using hybrid field integral equation (HFIE) [64]. It is well
known that the solution of MoM technique depends on the choice of orthogonal functions. For our
problem, two kinds of orthogonal functions are quite efficient such as body of revolution function
(BoR) and Rao, willton and Gilson function (RWG) [67]. Somehow, BoR function [68] has the ability
to decrease the computation by the analytical conversion of scattering formula from two dimensional
to one dimensional integration. But, it requires a considerable effort to deal with such analytical
formulations. To avoid such effort, we mainly consider the RWG function to solve the open ended
waveguide problem.

In this chapter the modeling of open ended waveguide problem is formulated based on the first and
second methods employing 2D-MoM technique as discussed earlier. The following subsection provides

the details.

4.2 MoM formulation for open ended waveguide having infinite ground

plane

The entire structure of horn aperture, according to [69], is subdivided into two regions, region-
I: inner region and region-II: outer region. The tangent magnetic field which is continuous at the
common aperture, follows the equation

ﬁinn _ ﬁhs

tan tan*

(4.1)

where H"" and H!S

ikl o represent the inner and outer magnetic field. Both regions are unattached by a

perfect electric conductor at the common aperture (S,) as shown in Figure .11

4.2.1 Region-I

The MoM technique is applied for the solution of the equation (A1) using the linearly independent

testing functions. Magnetic surface current (Mg(r)) can be written in terms of basis functions as:

M
Ms(r)=nY_ ViMn(r)  ron S, (4.2)
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4. Analysis of Open Ended Waveguide using MoM Technique
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Figure 4.1: Equivalent half space scattering model of horn, (a)-region-I, (b)-region-II, (c)-equivalent model of
region-1I1

where 7, Mm(r), Vi and M respectively are the free space impedance, basis orthogonal function, the
expansion coefficient and number of basis functions. Magnetic source current can be defined using the
equivalent principle that

—

Mg(r) = =tz x EP|.—o (4.3)

If d,, an, by, en, hy, Y, 7, and N are the electric field amplitude of the equivalent fictitious magnetic
current, forward coefficient, backward coefficient, electric field, magnetic field, admittance, propagation
constant of different modes and number of modes, respectively, the inner field equations can be written

from [69] as:

N N N N N
B = " anene ™ 4+ byene™ =3 anene " =Y anene™ + Y dnene™” (4.4)
=1 n=1 n=1 n=1 n=1

and

N N N N N
HTY = E a,h,Y,e "% — E byh, Y, e""* = E a,h,Y,e 7 + E ayh,Y,e’? — E d,h,Y,e"?
=1 n=1 n=1 n=1 n=1

(4.5)
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4.2 MoM formulation for open ended waveguide having infinite ground plane

where

[dn] = [bn] + [an] (4'6)

The fictitious magnetic source can be written at the common aperture for z = 0 from the equations
#3) and (£4) as
N N
Ms(r) ==Y dnli X €, = =Y _dyh, (4.7)
n=1 n=1

[d,,] can be derived using the orthogonal property of different mode-fields from the equations (£7) and

[#2) as
[dnlnx1 = _77[<hnva(7')>]NxM[Vm]Mx1 = —n[Anm] N Vil (4.8)

The equation (4I) which provides the solution of scattering parameter and unknown magnetic current

coefficients, can be written using the testing function wy(r) as:

(p(r), Hizm) = ((r), Fili ) (49)

—

The number of @, () is equal to the number of unknown basis functions (M,,(r)) used to evaluate the
unknown magnetic current coefficients. The solution of the equation (4.9) for the inner field part can

be written using the equation (€3] as:

[(@(r), Hiz)] = 2Brnl g Wandyslanly s = Brndassn Wandysndalyss— (410)

where [an]MxN = [<wp(r)vhn>]MxN‘

Substituting the value of [d,,] from the equation (48] into equation ([@I0) for the inner region, the

following can be obtained:

[<wp(7“),ﬁti;lg>] - [Imc]MxN[an]le - [Yljgbn]MxM[Vm]MXT (4'11)

where incident current on the aperture can be written as [17¢] sy = 2[Bmnlprsn [Yon] ny y and inner

admittance matrix is defined as [V7"] = —n[Bunn] vy v [Yon) nw v [Anm] v
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4. Analysis of Open Ended Waveguide using MoM Technique

4.2.2 Region-II

When region-II is separated from region-I, a flat plane PEC is imagined at the aperture and an
infinite plane is assumed as shown in Figure[.Il A nonzero electric current (js) over the whole infinite
surface and a magnetic current (Ms) on the common aperture will be induced. By the image theory,
the analogous current can be represented as a magnetic current having twice the strength (2]\25) of
the original magnetic current on the aperture. On the other hand, the electric current (js =0) is
zero on the whole surface as shown in Figure [4.1]

At the outside region, the magnetic field is defined according to Kirchhoff-Huygen’s principle as:

. 9 . .
Hps, = _j_k‘ k> // Mg (r'G(r,r")d5 + V// V' Mg(r")G(r,r")d5 (4.12)
! s’ S/
e—jklr—r,‘
where G(T,T) = m

For the solution of the equation (£9), using equation (AI2), we can write

[<U_fp(r), ﬁgﬁlﬂ - [Yp’:ri} MXM[Vm]MX1’ (4.13)

where [};}ffz] is the admittance matrix of region-II which can be defined as:

[Y;;n} - —j% / / (mp(r)-Mm(r’) —v-wp(r)v.Mm(r')) G(r,r")dS",dS, (4.14)
S, St

MxM
4.2.3 Implementation

To implement the MoM technique, Delaunay triangles are used for the triangulation of common

aperture and RWG function is used as a basis and testing function.

4.2.3.1 Evaluation of the aperture scattering parameter

Once, the inner admittance matrix and outer admittance matrix are calculated, next step is to
calculate the expansion coefficients of magnetic current for different modes. Using the equations

(@10, (@I13) and (£9), the expansion coefficients of magnetic current for different ([V},,,]) modes can
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4.2 MoM formulation for open ended waveguide having infinite ground plane

be derived as:

—1
N |
WVnlar = Yo + Vo] (™D,

where

Vinlarx1 = Winnlprxv[an] v (4.15)

and the ratio between backward and forward wave at the inner region can be calculated using the

equations (4.6), (48] and (£I5) as:

[SU]NXN = —0[Anmlnwar Vil prxny = U s

Here, [I], y is the unit matrix. The modal scattering parameter can be calculated as:

[SlAl] = [Ynn](])\}iN [sij] Nx [Ynn];fox'?\f (4.16)

4.2.3.2 Combined MoM and MM technique

Scattering parameter for the full structure (S{f l) can be evaluated by combining the interior
junction scattering parameters and the aperture scattering parameter (Sﬁ) using GSP technique as
mentioned in Chapter 2. Once the calculation of the scattering parameters for the full structure is
completed, next step is to calculate the radiation patterns. The surface magnetic current which is
used to calculate the radiation patterns, is evaluated using the incident interior field coefficients at
aperture (equation: ([AIH])). To calculate the forward coefficient of the incident wave, we draw a signal
flow graph as illustrated in Figure and the solution of the forward coefficients at the aperture are
given by equation (£I7). The unknown surface magnetic current coefficients can be evaluated using
equation (4.15]).

0o = [V¥a] - S804 [501] V'] (4.17)

where [V{] = [T ax).

4.2.4 Choice of RWG function

There are two types of RWG function as reported in [67], type-I: function for which the divergence

factor is constant and type-1I: function for which the divergence factor is zero. In the solution of MoM
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4. Analysis of Open Ended Waveguide using MoM Technique

[Vo ] < <
<« A< [S12] [€ AS A
V4l
[S14] [S2-] [Sfl]
N T [qu_] N
[V+] } } [521] >
0

Figure 4.2: Equivalent signal flow graph for calculation of forward incident field coefficient at the aperture.

equation (£I3)), testing and basis function would be type-I, otherwise the choice of type-1I will lead to
a solution which is similar to a pulse type basis function. In the subsequent equations, RWG functions
are specified using the common edge between two neighboring triangles where one is positive and the

other is negative as shown in Figure

In ot in T n in TN
a 2A,t(r ri) rinT} o il A e rin T7
Ary=4 m c =g AT
2Ay_L(rfn—r) rin T" —= rin T"
In 2 + 2 n ; n
”+n><(r—rf) rin T7 7 0 rin T7

fatry=9{ ™ " V- falr) =
sa=i X (v —r) rin TT 0 rinT"

Here, AF are respectively area of positive and negative triangle. r;fn, ry and [, are free vertex of

positive triangle, negative triangle and the length of the common edge, respectively.

4.2.4.1 Evaluation of the MoM Integrals

In order to strike a balance between compu-
tation and performance, the choice of appropri-

ate numerical integration for the triangular sur-

face plays an important role. Gaussian quadra-

ture seven points integration for source point and

Figure 4.3: RWG basis function.

Gaussian quadrature three points integration for

observation point are chosen to solve the equation (ZI4).
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4.2 MoM formulation for open ended waveguide having infinite ground plane

In the MoM solution, three types of singularities are obtained which are due to: (a) self triangle
(b) common edge with other triangles and (c) common node with other triangles. Literature provides
techniques to compute the singularities [70,71]. However, inclusion of these singularities increase the
computation time. In view of this, self coupling has been taken care of in our developed code. On the
other hand, the effect of the other two singularities are less as compared to that of self coupling. The

closed-form expression used to handle self singularity is given below:

//GrrdeT/—// (r,r") deT+// deT
47r\r— 47r\r—

Ts Ty Ts Ty

Numerlcal Analytical

log( (a—b++/ad)(b++/ac) ) o ((*bJchr\/a)(bJr\/E))
1 1 _ OB\ vao) (—a+btvad) 8 ot vac) (b—ctved)

— ——dT.dTy = n

4A? Ir — /| 6v/a 64/c

. T

(a—b+V/ad)(—b+c+Vcd)
log( (—a+b+Vad)(b—c+v/cd) )

6V/d

+ (4.18)

where a = (r3 —r1) - (r3—ry), b=(r3—ry)-(r3—rg), c=(r3—r9)-(rs—ry), d=a—2b+c.

It may be noted that ry, ry and rs are the node points of the triangle.

4.2.4.2 Radiation pattern calculation

Radiation pattern can be evaluated using the dipole model based on the solution of moment as
available in [72]. For the sake of accuracy, a more attractive technique such as analytical method [68]
is used to calculate the radiation pattern. The related mathematical details are given below.

Generally, far field pattern can be evaluated using the surface electric and magnetic currents as

given below.
. — ikne—Jkr . 5 1 - . o
Bfor = ZJT0C ° // [JS - (Js : ar> ar + = Ms x &T} eIk ar G
4drr / n
Here, Js =0 and Mg is doubled. Thus, using equation for RWG function, we can write:
. — ike—Jkr . o . ikne—Jkr M
Ffor = ZI° // | s x | et or agf = 22— Z Vintiy % // Fr(r)el* ™ 4 AT
2rr / 2rr

(4.19)

Calculation of integration for 7% and T™ triangles are same. So, the integration part of 7' is considered

53



4. Analysis of Open Ended Waveguide using MoM Technique

in this section. Let T7 triangle has the nodes ry, rp and r3 and free vertex is ry for nt" RWG function.
Several variables are used for this calculation which are given as follows: ey = ro —ry, €3 = rg — ry,

01 = k‘(I‘l . dr), 0 = k(e1 . &,«), 03 — k(eg . &,«)

: 5 l o -
I _ Lo N Gk G d 1+ __'m ’ Gk -ar d +
(01,02,03) /Tl,j fm(1)e m = oAT T,’J(r ri)e m

1 11—« )
) lm/ / (aer + feg)el1tozetsP)dg da
0 JO

The solution for the above equation is given below:

(a) When o9 # 0, 03 # 0 and 09 # 03

Jlme?®t . 1 —o09+03 jog—1 elo3 1
I(o01,02,03) = — e’° _ . Naky
( ) 03 S (02 —03)?) 03 (02 —03)? 05]
il e . 1l—o03+o0 jog — 1 el92 1
_ Jtm IO ( 3 22 J03 5 - + —2]83
02 (03 — 02)%) 23 (03 — 02) 03
(b) When e; is perpendicular to a, (02 = 0).
o o —1l—jo3 1 €3 o e jo3 — 2 2
I(01,02,03) = jlpe’ [ —=— 4+ — + —=-]e1 + jln & [ (———) + = + S]e
(01,02,03) = jlm [ Og 203 0% lel + jlm [ ( 0% ) Og 0;2»,] 3

(c) When eg is perpendicular to a, (o3 = 0).

s, ) 2 4 oo —l—joy 1 iz
1(01702703) :]lm€]01[€]02(07§) O_‘% + O_%]el +]lm€jol[T = 2—02 0—%]83
(d) When a, is perpendicular to triangle (02 = 03 = 0).
[;nel°
I(01,02,03) = —-—(e1 + e3)
(e) When (02 = 03 =0 #0).
11 g1
I(01,02,03) = jlme’[e”*(—5 — 5~ = =5) = —l(e1 + e3)

It may be noted that the calculation of I(01,02,03) value presented here is in rectangular coordinate

system. The far field pattern can be evaluated using equation ([{I9) after substituting (o1, 02,03)
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4.2 MoM formulation for open ended waveguide having infinite ground plane

transformed to spherical coordinate system.

4.2.5 Results for infinite ground plane

The codes are developed in Matlab to inves-

tigate the radiation patterns and reflection coef- o0t

ficient of rectangular waveguide mounted on an

infinite ground plane. A stepped symmetric rect-

angular waveguide is considered with X-axis di- oz

mensions [22.86, 29.86, 36.86, 43.86] mm, Y-axis

dimensions [10.16, 17.16, 24.16, 31.16] mm and Z-

Figure 4.4: Horn structure with 2-D meshing on com-
axis dimensions [10, 10, 10, 20] mm respectively. mon aperture using matlab.

The TFE1¢p dominant mode is applied at the feed terminal. The results of investigation are given in

Figure [0 1.6l and .7l In this investigation, total unknown basis functions and total number of trian-

gles are 1372 and 938, respectively. Results are compared with HFSS-15 and close match is obtained.

It may be noted that the computed H-plane pattern by MoM technique in Figure shows a null for

¢ = 3 and around these angles, the pattern differs from the patterns obtained using simulated HF'SS.

This is because, only the equivalent magnetic surface current has been considered at the aperture and

for this reason, the far-field radiated electric field E, component varies as cos(6).
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Figure 4.5: Reflection coefficient of horn with infinite ground.
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4. Analysis of Open Ended Waveguide using MoM Technique

40
— — —H plane radiation pattern using MOM
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*  E plane radiation pattern using MOM
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Figure 4.6: E and H plane radiation patterns of horn with infinite ground (8.4 GHz).
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Figure 4.7: Co and Cross-polar patterns of horn with infinite ground (8.4 GHz).

4.3 Using the direct Kirchhoff-Huygen’s principle for open-ended

waveguide

The entire structure of horn is subdivided into two region viz. the outer region and inner region.
Both regions are separated by a perfect conductor surface S, as shown in Figure A8l I:_fa and Ea
represent the inner magnetic and electric fields, respectively. ﬁb and Eb are the outer magnetic and

electric fields. Sy, is the outer surface.
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4.3 Using the direct Kirchhoff-Huygen’s principle for open-ended waveguide

5
23 Sb
Hy,
Equivalentinterior problem Equivalent exterior problem
Figure 4.8: Equivalent source model of horn.
4.3.0.1 Inner region solution
The continuity of tangential magnetic field is enforced as:
H, = H, at common aperture S, (4.20)
and in case of magnetic current, we can write it as:
My(r) = —M,(r) = —{E, X (—1,)} = =1, X Eq (4.21)

z=0

Unknown electric and magnetic current can be approximated on the outer surface of the horn as:
M
To(r) =Y LJ(r) My(r) =n > VigMpm(r) (4.22)
s=1 m=1

If a,, and b,, are the forward and backward mode coefficients of the interior field, we can represent the

Ea and I:_ia as:

N N N N N
Ea = Z ane” e, + Z b’ e, = Z ane” e, — Z ape’ e, + Z d,e’"*e, (423)
n=1 n=1 n=1 n=1 n=1
N N N N N
ﬁa = Z anYne *h, — Z b, Y,e*h, = Z anYpe "*hy, + Z anYne*hy, — Z dnYne*hy,
n=1 n=1 n=1 n=1 n=1
(4.24)
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4. Analysis of Open Ended Waveguide using MoM Technique

where

[dn] = [bn] + [an] (4.25)

[d,,] represents the equivalent fictitious magnetic source of My(r) for z = 0. From the equations

#210), (E23) and (£25), we can write
N
My(r) = = dyhy, (4.26)
n=1
By taking the inner product of h,, on both sides, we can formulate the equation as:

[dn]le = _77<hn7 Mm(r)>NXM[Vm]M><1 = _nANXM[Vm]Mxl (4'27)

If we represent the Hy(r) in source term from the equation (@20), @24) and [@2Z), we can write

N N S
2> anYohy — > dnYohy = —f x Jy(r) = =Y L x Jy(r) (4.28)
n=1 s=1

n=1

Equation ([£28) can be written by taking the inner product of considered testing function w,(r) as

2BumxnN [Yn]NxN [an]le = Buxn [Yn]NxN [dn]Nx1 + Cuxs [IS]le (4.29)

where value of B and C are

B = (@,(r), hn) 4y C= <wp(r), “fx fs(r)>MXs (4.30)

Putting the value of [d,] from equation (£.27) into equation (£30), we can write

2Buxn [Yn]NxN [an]le = _77BM><N [YH]NXN ANXM[Vm]Mxl + Crrxs [IS]le (4-31)
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4.3 Using the direct Kirchhoff-Huygen’s principle for open-ended waveguide

4.3.0.2 Outer region solution

The outer region model is based on Kirchhoff-Huygen’s principle. Outer field and source can be

written using EFIE and MFIE as

- 7 x Ey(r) on S,
My(r) =
0 outside S, (4.32)

—

Jp(r) =n x ﬁb(r) on S, and Sy

Ey(r) = —jg k> // Ty (" G(r, ") d5 + V// V' - Jy(r)G(r, 7")ds | — V x // My (rG(r,r")d§
s’ S/ i
(4.33)

i) =~ |2 / / M) G(r,)ds' + V / / V' Ny ()G, VdE | 4V % / / T\ G, )5
S/ S/ S/

(4.34)
where the Green function is equal to G(r,r') = e;fr':i". The Cauchy principal value for EFIE and
MFIE can be presented as

Vo N L. Vi T (! "Nds
V x // My (r')G(r,r")ds§ = —gf X My(r) — // My(r") x VG(r,r")d5 (4.35)
S’ S’
1. - 4
V x // Jy(rG(r,r")ds' = _iﬁ X Jp(r) — // Jp(r') x VG (r,r")d5 (4.36)
S’ S’

where VG(r,r') = —RH}%#G(T, ) and R = r — 7. Using (&32), @33) and @35), EFIE equation

can be constructed as:

%Ax]\Zfb(r) = —J'% g l/jl;(T/)G(r, r’)d§’+V{/ V' Jy(r)G(r, ") d5 +{/ My(r') x VG(r,r'")d5

(4.37)
Similarly, MFIE equation can be written using (432]), (£34)) and (£36]) as:

1A_’__~i2 T (0 nas Y N | (ot N
-3 X Jyp(r) = ]nﬂ 15} l/Mb(T)G(T’T)dS —I—V{/V My(r")G(r,r")ds [/Jb(r) x VG(r,r")ds

(4.38)
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4. Analysis of Open Ended Waveguide using MoM Technique

The EFIE equation (437 is solved by taking the inner product using test function fc}(r) as given

below:

[Ls]gx1 = [Télxs}_l (D&% ar = S85ar] Winlarsa (4.39)

where

—

DJAS\,'4><M = g<fq( ) n X Mm(T) (4.40)

>S><M

Tgxsz—j% 52//ﬁ,(7«)-//f5(r’) "\ds'ds — //V-fq(r)/ V' J.(rG(r,r')d5 d5
s s’ S’ SxS

SY 4 =1 / JEL / [ 807 % VG175 (4.41)

Sx M

Similarly, we can write for the MFIE equation using the testing function ﬁ,(r) as:

1
[IS]le = [Dgxs - ngs] [TéuxM] [Vm]Mxl (4-42)
where
1/ =
Jg 1 R
Dgyxs = 2<fq(7“),n X Js(T)>SXs (4.43)

™, — —j% e //fq(r).//Mj(r’)a(r,r')dg*dg— //v.fq(r)/ V' M) G(r,r")dg 5
s s/ S S’ Sx M

Sl.g=— // fa(r) // ) x VG(r,r")d5 d5 (4.44)

SxS

4.3.1 Calculation of scattering parameter and unknown coefficients (V,,, I;) of

electric and magnetic current at the aperture

Calculation of scattering parameter at horn aperture depends on the evaluated admittance values
of inner (Y,,) and outer (Yp,). Using the equations (£31]), (439) and (4.42]), we can easily derive the
equation as:

[Yaa + 1/bb]MxM [an]MxN - I]Z\?iN (4'45)

60



4.3 Using the direct Kirchhoff-Huygen’s principle for open-ended waveguide

where inner admittance Y,, can be written as:

Yoo = —1Buxn Yol yxn ANxM (4.46)

For EFIE, the outer admittance Yy, will be
Yy = CMxS[TSIxS] 7 [DgxM - S%<M] (4.47)

For MFIE, the outer admittance Yy, will be
Y, = Crrxs[Déys — ngsrl[TsMxM] (4.48)

and

inc

MxN — 2BuxnN [Yn]NxN (4-49)

Forward and backward coefficient ratios can be easily calculated from the equations (€45), (£25) and

B2T) as

11]

[sij = —NANxM[Vimnlprxny — INxN (4.50)

and modal scatter parameter (S7}) is evaluated by the equations (EI6) and ([E50).

After the evaluation of scattering parameter at the aperture, the equivalent scattering parameter
using GSP technique is evaluated for the full system of horn using the model as specified in Section
The unknown coefficients of magnetic currents are estimated for the multi-mode or single
mode excitation of horn using the equations (AI5) and ([@IT). Once the magnetic current coefficients
are known, electric current coefficients are calculated using equation (£39) for EFIE and equation

[#42) for MFIE, respectively.

4.3.2 Implementation and choice of the set of orthogonal functions

Delaunay triangulation and two kinds of RWG function are used to model the finite ground plane
horn. It may be noted that two orthogonal basis functions are used to approximate the currents
(J4(r), Ms(r)) and two orthogonal testing functions (Wp(r), ﬁ,(r)) are required to model it. Proper

choice of RWG functions for Ji(r), My, (r), wy(r) and f;(r) lead to the solution for this model.
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4. Analysis of Open Ended Waveguide using MoM Technique

(a) Choice of orthogonal functions for EFIE solution:

e For the sake of accuracy of the solution of equation (£37), the basis function of j;(r) and
testing function f;(r) should be the type-I of RWG function as defined f1(r). Otherwise,
solution of equation ([437) will behave similar to the solution obtained for the pulse type
orthogonal function.

e To efficiently generate A and B matrix, we can make the relation as A = BT (T: transpose)
by choosing the same kind of orthogonal function for M,, (r) and wy(r). On the other hand,
the choice of same kind of orthogonal function for Mm(r) and w,(r) can also lead to any

one type of inner product of RWG functions for generating the C and Dg/fx o Mmatrix.

Specifically, such inner products will lead to self ((f} - f}), ( f_g - 2) or cross ((f1- f;%))

M,,(r) and @,(r) are taken as a type-IT RWG function F2(r) to develop the code.
(b) Choice of orthogonal functions for MFIE solution:

e Similar reason is also applicable for the solution of MFIE equation @42), M,,(r) and fc}(r)

are to be f1(r).

e [t is observed through the study of developed code that [DgX g—5S gx S]_l calculation suffers
due to singularity for any kind of choice of RWG functions of J;(r) and Wy ().
4.3.2.1 Generation of matrices and radiation pattern calculation

As discussed earlier, only EFIE model is developed to observe the performance of horn having a
finite ground plane. Several matrices such as A, B, C, T/, DM and S™ are mainly used for this

model.
e A and B matrices are generated using seven points Gaussian quadrature integration.

e Four points for observation and seven points for source using Gaussian quadrature integration

are used to generate the TV and S™ matrices.

e The treatment for singularity of self coupling of T“ matrix is taken care of as specified in Section

42.47]

e C and D,, matrixes are generated using analytical closed form expressions as given in equations

[@E5D) and @5D).
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4.3 Using the direct Kirchhoff-Huygen’s principle for open-ended waveguide

Inner product for same RWG functions are given as:

(P00 700) = (200,73 r)) = S5meln / [ = 73)- 7= 7,8

_ S Smlnlm [q ;

(a+c—b)
1A, Te Te+

18 — T (Tpy +78) + 71, - T, (4.51)

Cross product between dissimilar RWG functions are given as:

SESEllm . L

(Fa0), Fr)) = 220 - [P (P, — 77,) + 7, 7] (4.52)

where A, and 7. are area and center point of the triangle. {SE, S}, {l,, l,,}and{F,, 7, } present
the sign, common edge and free vertex of n'® and m™ RWG functions.

The far field pattern of horn is calculated using analytical method as mentioned in Section
According to our model, for the solution of EFIE as specified, J_;(r) and Mm(r) are type-I and type-II
RWG orthogonal functions. Far field pattern is calculated based on the predicted values of Iy and V,

coefficients of electric and magnetic currents.

4rr

— 'k —jkr - 1 — A A =
for — JE0€ © / / [&, X @y X Jg + —dp X Mg] T g G
: n

Using Js(r) and M,,(r) in terms of expansion coefficient of RWG function, we can easily construct as

A far jkneijkr J ~ _1 ki a3 3+ _1 ki@ ==
Bl = ZIsarxar fa(r')e "dA; +ZV ay, X n X I (e *dA

4rr g
— et A

Closed form expression for the integration I(o,01,02) = [ f fl e]l‘” “TdA '+ as already derived in

Section 1.2.4.9] is used to calculate the far field pattern.
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4. Analysis of Open Ended Waveguide using MoM Technique

4.3.3 Results for finite ground

To investigate the performance of the developed

code for aperture problem of horn having finite ground

plane, the same structure as specified in Section [4.2.5] § 002
is considered and mesh structure generated using
MATLAB is shown in Figure[£9l 2168 no of triangles, o _ ' e om
3168 no of basis functions for electric current and 489
no of basis functions for magnetic current are used for Figure 4.9: Horn structure with 2-D meshing
using matlab.
solution of the considered structure. The performance
of this code is evaluated using the radiation pattern

and reflection coefficient as in Figure [0 [£.11] and T2l Results are also compared with HF'SS results

and close matches are obtained in this study.
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Figure 4.10: Reflection coefficient of horn with finite ground.

4.4 Analytical far field pattern calculation of multi-mode horn (Chu’s

model)

To derive the multi-mode feed pattern of open ended waveguide, we have considered the equivalent
signal flow graph of the full feed structure which is shown in Figure [£2l Exterior electric current (Jg)
and magnetic current (Mg) are considered as linear combination orthogonal functions with unknown

coeflicients for every elements of the mesh as used in the solution for MoM technique as presented in
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H plane radiation pattern using MOM
—— H plane radiation pattern using HFSS
351 *  E plane radiation pattern using MOM 1
------ E plane radiation pattern using HFSS

40

30

25

20

dB

15

10

Keeo

Theta (degree)

Figure 4.11: E and H plane radiation patterns of horn with finite ground (8.4 GHz).

Figure B8 [S11], [S12], [S21], [Sa2] are the equivalent scattering parameters of interior junction. [Sf}]
is equivalent aperture scattering parameter of open ended waveguide. [V{] and [V, ] represent the
forward and backward mode coefficients at the excited port of the horn. [V}] and [V ;] present the
forward and backward mode coefficients at the aperture junction Z = 07.

In this context, using the signal flow graph of Figure[£.2] the solution of the forward mode coefficient

at the aperture can be written as:
VAl = [ = S228{i] 7 [Sm][Vg] (4.53)
and the backward coeflicient at the aperture as:
[Val = SV (4.54)

To simplify the model, we can replace of the exterior Js and M s in terms of equivalent interior electric
and magnetic sources as jg , and MS , at the aperture Z = 0~ which can be represented as equivalent

radiation sources of horn. Here

Ms, = [V} + VIV Zal[~ x E4] (4.55)
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— — = Co—pol q>:0° using MOM
Cross—pol ¢=45° using MOM
— Cross—pol ¢=45° using HFSS
*  Co-pol $=0° using HFSS

-180 -120 -60 0 60 120 180
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Figure 4.12: Co and Cross-polar patterns of horn with finite ground (8.4 GHz).

and

Tou = V5 = Vallg=lli x ) (4.56)

[E4] and [Ha] represent the electric and magnetic fields solution of Helmholtz equation at interior
of the aperture and 7 presents as outer normal of the aperture surface. Zj4 represents the mode
impedance.

It may be noted that ]\25, ]\25 , and S 4 present on the common aperture enclosed by PEC surface.
But, in case of electric current (Jg) represents the entire exterior surface of the horn.

The far field pattern, which is defined in [60] in terms of Jg , and Mg ., can be written using the

equation (£55) and (4.50) as

I Lt o YA 0ot — o= 2! Y gin &)eF g g
9——WZ((’UAZ,+UAZ,)1/ZAZ.+COS (v, —vy4,) ZAi) (e}, cos ¢ + €y sing)e
S/

i=1 \
(4.57)
k _]kR n ’ / 1. A —
E, = J:TR Z;(cos 9(vji+v;i)\/zAi+(vZ—vgi) ZAi ) // (€}, sin gb—e%i cos ¢)elF S (4.58)
1= S/

where R, 6 and ¢ are the coordinates of observation point of far field as mentioned earlier and 7/,
ar, S, k and n are the position vector on the aperture, unit vector at the far field location, effective
radiated surface of horn, wave number and free space wave impedance, respectively. Here, n represents

the numbers of active mode and ef{i and e%i represent x polarized and y polarized electric fields of
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4.5 Conclusion

the i*" mode.

It is observed in the equations ([L57) and (£58) that electric field and magnetic field coefficients
(vji + Ugi,vl —vy.) have an affect on the far field. In order to simplify the equations (£57) and
(£5])), it is considered that the aperture is perfectly matched. It means, coupling and reflection of
different modes are negligible at the aperture. From the equations (£53) and ([@54]), we can write
[V] =~ [S21][V{] and [V] ~ [0]. Consequently, knowledge of Soq is sufficient to estimate the far field
pattern of multi-mode feed antenna. From our study it is observed that, large aperture horn supports
such conditions, however it is different in case of small aperture horn. To normalize the power at the
aperture, we can write as % I Re{js 4 MgA }dS’" = 1. Also, individual modes are orthogonal to each
other, so scaler potential (an) at the interior of the aperture can be written as %k:g I ¢T2ld§’ =1,

5

where k. is cut-off wave number of different modes.

4.5 Conclusion

A hybrid technique using MM and MoM techniques has been presented for analysis of horn an-
tennas assuming that the ground plane at the aperture is of infinite extent. Also, the study of horns
having finite ground plane is performed. The performance of developed numerical techniques have
been investigated and compared with the results obtained through HFSS-15. Close match has been
obtained for return loss characteristics and front side radiation patterns. However, the prediction of
backside radiation patterns does not match with the HFSS results. Since less amount of computation
is involved in the proposed modeling, it provides faster solution. The developed methodology may be

used in modeling the pattern of feed horns which illuminate a reflector.
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5. An Analytical/Semi-analytical and Proposed Hybrid Technique for Reflector-Feed Model

In this chapter, the far field pattern calculation of an offset reflector antenna using physical optics
(PO) is reported. A brief discussion on particle swarm optimization technique (PSO) is presented as
PSO has been used as a tool for optimization. Matched feed design using this optimization technique
along with analytical or semi-analytical model of feed and reflector is also presented. For the rest of
this chapter, the performance of our proposed hybrid technique comprising of MM, FEM, MoM and
PO is evaluated for a proposed new kind of circular matched feed structure. The matched feed design

involves TE1,, TM}, and TE}, modes as the operating modes.

5.1 Reflector radiation pattern calculation using PO

As discussed in Section [[L2] reflector pattern is calculated using PO which is quite efficient. Usually
the main difficulty in applying this method is the approximation of the current density over the surface
of the scatterer. The foundation of PO is based on the assumption that the induced current on the

reflector surface for a perfect conductor is given by

= 2ﬁR><ﬁiR GR’ 3R’ IACR) illuminated region
‘]SR r {0 otherwise (5' 1)

where 7, and I:jiR (try Jps l%R) are the normal unit vector of the reflector surface and the incident

magnetic field from the feed, respectively. Basically, 7, and ﬁiR (1p, j’R, I%R) are calculated with
respect to coordinate system used for calculation of the radiated field. The details of coordinate sys-
tem are specified in Figure [Tl It may be emphasized that the development of such PO based frame
work itself is quite complicated due the involvement of different coordinate systems used for the feed
radiation, reflector surface and reflector radiated field as well as associated transformation of field

quantities which are properly addressed here. 7, can be calculated as

Ao VF —(zy +2)iy — Yp)p + 2Fk,
|VFR| \/('/I’.R+x0)2+y123+4F2

(5.2)

R

where I, is calculated using the axis transformation from basic parabolic surface equation as F, =
2% +y2 —4F(F —z,) and 2, = H + %. F, D and H are the dimensions of offset reflector as specified

in Chapter [L.6l I:jiR is evaluated from feed radiation pattern using proper transformation as

A A~ ~

ﬁ' (iR’ jRa kR) = REuTSTRFIiF(HF’¢F) (53)

'R
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5.1 Reflector radiation pattern calculation using PO

where R, is Euler transform matrix

cosaa 0 sin o
Rg, = 0 -1 0 (5.4)
sinae 0 —cosa

and Tsrg is spherical to rectangular transform (STR) matrix

sinf, cos¢, cosf,cos¢p, —sing,
TstrR = | sinf,sing, cosf,sing, cosg, . (5.5)
cosf,, —sinf, 0

It may be noted that the reflector is located at the far zone field of the feed. So, I;QF (0,,¢,) is easily

calculated from the feed radiation pattern as

ﬁiF (95" ¢F) = —d, X EZF (QF, ¢F) (5'6)

S | =

The radiated ER (0,,¢5) field can be constructed using Huygens scattering equation as

) k0 T - 7.\ 4 ki -a
ER(0R7¢R) 5 _]#e I*TR // [JSR - (GTR 'JSR) arR]e]k rORds
R

s (5.7)
: k77 - % o ~ > ~ ikt _-a /oI / /
= € J TR/O /0 [JSR - (arR -JsR> arR}ej rRYEf(p', @)l de dp),
where
' Pl + 20, % CO8 P, + a7
= 1 5.8
and
7y, = pl sind, cos(op, — @) + 2 cosb, (5.9)
and

2 2 2
o p's + 20,2, cos ¢, + a7 — AF (5.10)
R 4F

. . . . . . / / . .
Surface integration of equation (5.7) is carried out with respect to p’, and ¢/, by numerical technique.

: . . . . / /
Required surface current for this integration is evaluated using equation (5.3) where 6, and ¢’ are
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evaluated by proper transform as specified below:

' !, zy + p, cos ¢,
bR | e | TRE | o), (511)
¢% Zp %y

Here, RTS refers to rectangular to spherical transformation. According to Ludwig [73] co-pol and

cross-pol components can be evaluated as:

E, _ cos ¢, —sing, EGR(937¢R) (5.12)

E, sing, cos¢, Ey, (0, 05)
5.1.1 Using numerical integration in PO technique

Most important issue in evaluation of equation (5.7) is to carry out the numerical integration with
an efficient technique. A very effective technique as found in [74] is the use of Simson’s 1/3 rule for
the variation of azimuth plane and Gauss-Legendre quadrature method for p; variation. Empirical

equations are used to decide the number of points for the integration as given below:

D
Nj =3 (2187 sin 26, +3.33)] + 1 (5.13)
N = (o 5.14
» = LG I (5.14)

where |2] = 2 — mod(z — 4,1) + 2. A MATLAB code is implemented based on the PO technique to
evaluate the far-field pattern of the reflector. Using this code, the far field pattern is evaluated for

several matched feed designs and the performance has been compared with the simulated results of

HF'SS.

5.2 Particle swarm optimization (PSO)

Particle swarm optimization technique is a robust probabilistic global optimization technique which
belongs to social behavior of swarm’s family in the nature. PSO is based on the principle of searching
the perfect location to collect the food for flock of birds, swarm of bees and school of fishes. The

PSO algorithm was first reported by Kennedy and Eberhart [75,76] in 1995. The method was first

72



5.2 Particle swarm optimization (PSO)

introduced in the electromagnetic problems [77] by the antenna community in 2004. After that, many
variants of PSO has been used for the design of antennas [7,78-81] and antenna arrays [82,83]. The
PSO can best be understood through an analogy of bee’s honey collection in a field [77] and the same

is described below for the sake of completeness.

e Imagine a swarm of bees in a field in search of honey. The ultimate goal is to find the location

with the highest density of flowers.
e Without primary knowledge about the field, the bees go to random position with random velocity.

e FEach bee has the memory to remember the location where it had with highest concentration
of flowers and share this information with each other for better searching at the next wave of

swarms.

e Being confused about whether to return to the location where it had personally found the
maximum concentration of flowers, or to explore the location reported by others, the doubtful
bee accelerates in both directions altering its trajectory to fly somewhere between the two points

depending on either self influence or social influence whichever dominates.

e Along the way, a bee might get a location with a higher concentration of flowers than previously

found. Then It will correct its own searching best location and share it with other bees.

e The search of new location will be stopped when every bee’s own best position and the explored
most flowers location reported by others are same. Thereafter every bee pulls down its velocity.
In this way bees explore the field and achieve to find the location with the highest density of

flowers.

In the context of developing the PSO algorithm, the analogous terms are defined like a swarm of bee as
particles, own best as personal best (Pbestposition) and explored best location reported by other bees
as global best position (Gbestpesition). To implement the doubtful bee’s acceleration, we have used self
influence constant (C4) and social influence constant (Cy) and for making the decision, uniform rand

(rand(0,1)) is used in the algorithm. The algorithm developed for our purpose is presented below:
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PSO algorithm

(i) Initialization:-
e specify
(a) swarm size= S
(b) no of variables= N
(¢) minimum and maximum limits of variables =[X,in, Xmax]
(d) inertia weight= W
(e) self influence constant= C4

(f) social influence constant= Cy

e Termination condition
(g) maximum no of iteration =Iterationax
(h) acceptable optimum fitness value =Fp

(i) minimum standard deviation of particles =Psq

e initialized some matrix given below:
(j) initial velocity of particles Vew=2zeros(S,N)

(k) initial particle swarm best value Pbestyaue = 0ok ones(S,1)

(i) Generate the random particles:- set up the random particles using the limits of variables

[Xnew]SXN:Xmin+rand(Oa 1)S><N (XmaX‘Xmin)

(ii) Particle swarm main algorithm:-

e start the iteration: do

(a) calculate the fitness value of new particles

(b) check the termination condition for Py, Fypt and Iterationyay, if one of them satisfies

on new particle position, fitness value (F) and iteration, stop the iteration.

(c) compare the Pbestya,e and F, according to comparison result update the Pbestposition

and Gbestposition Using new particle’s position Xyew
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5.2 Particle swarm optimization (PSO)

(d) overwrite the old particle’s position and the old velocity using the new particle’s position

vector and new velocity.

Xold = Xnew
Vold = Vnew

(e) update the particle’s velocity using this relation

View = WV q+rand(0, 1)+C (Pbestposition — Xold)+rand(0, 1)xCo (Gbestposition —Xold )

(f) generate the new particles using the new velocity
Xiew = Xold + View

(g) check the boundary condition of X,y and pull back the particles toward the allowed
solution space [Xpin, Xmax]

e continue the iteration: until the condition of (b) satisfy

In engineering applications, it is desirable to limit the search within practical limits. At times in
application of PSO, the new generated particles cross the boundary due to high acceleration of parti-
cles. To pull back the highly accelerated particles toward the allowed solution space, different types of
boundaries are reported in literature [77], like absorbing boundary, reflection boundary and invisible
boundary. Absorbing boundary absorbs the energy of highly accelerated particles and particles are
forcibly kept at the boundary wall after absorbing their energy. In case of reflection boundary, parti-
cles are reflected back toward the solution space through the changing of sign of the velocity. Invisible
boundary allows the particles outside the solution space, but these particles are taken care of at the
time of evaluation of the fitness value by considering their poor performance. Resultant particles are
forced to fly in the solution space. In our development of PSO, we have considered the boundary
as a combination of absorbing and reflection boundary to restrict the particles within solution space.
Basically, particles moving outside are pulled into the solution space using the random uniform data

between the crossing wall and old particle location.
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Termination condition of PSO can be implemented in different ways, which are reported in [77]. In
our development, maximum no of iteration, acceptable optimum fitness value and minimum standard
deviation of particles are used as terminating conditions and when at least one of them is satisfied,
the code gets terminated.

In the development of the PSO algorithm, self influence constant, social influence constant, inertia
weight and swarm size have important roles on the success of searching the global optimization value.
The empirical values of those parameters are reported in literature [77,84,85]. From our experiment,
we have considered W = 0.76, C; = 1.46, C5 = 1.46 and swarm size equal to 20 to improve the

performance.

5.2.1 Performance of developed PSO technique

Various test function as mentioned in [77,85] are used to evaluate the performance of developed
artificial optimization techniques. Some of them as given in Table 5.1l are considered to study the
performance of our developed code. The performances are shown in Figures 5.1 and respectively,
for the sphere and Ackley’s function and as expected, good performance is observed. It may be
pointed out that different parameters have been used as specified in Section Average, worst and

best performances are observed from 1000 events to investigate the performance of PSO for studying

both cases.
Table 5.1: Various test functions for optimization.
Function Formula Search domain Minimum
10
Sphere function F(z) =Y x;2 —100 < z; <100 | £(0,0,...,0) =0
i=1
Ackley’s function | F(z,y) = —20exp(—0.2,/0.5(z2 +y?)) | —-5<z,y<5 f£(0,0) =0
—exp(0.5(cos(2mx) + cos(2my)))
+exp(1l) + 20

5.3 Analytical or semi-analytical study for matched feed design

Use of PO technique along with analytical or semi-analytical feed pattern of multi-mode horn pro-
vides valuable insights on the performance of the the reflector antenna system for various parameters
such as feed aperture dimensions, reflector dimensions, contribution of higher order modes and effect

of feed polarization [1,6-10]. As mentioned in Section [[.2, multi-mode horn has the ability to elimi-
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Figure 5.1: Performance of developed PSO for sphere function.
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Figure 5.2: Performance of developed PSO for Ackley’s function.

nate the depolarization effect of reflector by proper choice of higher order mode(s), its magnitude and
phase relative to the main operating mode. PSO technique is used to estimate the required relative
magnitude and phase of higher order mode(s) for realizing the desirable secondary pattern for linear

polarized matched feed. Steps involved with such estimation are given below in detail:

e Analytical multi-mode power balance far-field pattern for considered feed aperture is calculated

using Chu’s model as mentioned in Section [£4l Generally, this calculation is carried out when
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the analytical solution of Helmholtz equation is available for the considered aperture.

e If analytical solution of Helmholtz equation is not available for the considered feed aperture,
Helmholtz equation is solved by 2D-FEM technique as mentioned in Section Multi-mode
power balance far-field pattern is evaluated using equations ([4.57) and (£.58) employing barycen-

tric subdivision four points integration for same triangular mesh which is used for FEM solution.

e To investigate cross-polar level at the secondary pattern, PO is used. As mentioned, PO has the

ability to accurately predict the main lobe pattern.

e During the investigation of cross-polar power at secondary pattern, total feed radiated power

(sum of powers of main mode and higher order modes) is always kept as 1 Watt.

e PSO is used to estimate the required higher order mode coefficient and its phase to obtain the low

M)

cross-polar field at secondary pattern by using proper fitness function as 10 log (=g b olasbwer

Mo
-
1y —98 e i
ry " ¥
rn T i
L L lg lo
I3 I I Lo L,
5 i Lz

Figure 5.3: Our proposed matched feed and its dimensions : {ry, re, r3, r4, rs, re, r7, s, T'o, 710,
li, lo, 3, la, U5, lg, U7, ls, lo, l10, 111, Lio} = {17, 19, 21, 23.5, 26.5, 28, 30, 32, 34, 36, 10,
2,2, 2 2 1, 30, 41, 0.5, 0.5, 0.5, 118.2} mm and e = 2.
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5.4 A stepped circular matched feed design using TE},, TE;, and TM},

modes

TE},, TE}, and TM}; modes are often used in design of linerly polarized circular matched feed
to remove the depolarization effect of an offset reflector antenna. Generally, TES; mode is generated
using three pins and a large step discontinuity is used to generate the TM}; mode as found in [7].
From our experience, it is observed that use of such kind of discontinuities affect the return loss. To
improve the return loss and cross-polar bandwidth, a new kind of structure is proposed in this chapter

as shown in Figure 5.3l A brief description of the design technique is presented below:

e The radius of open aperture rig is chosen in such a way that it supports propagation of TE};,

TM}, and TEL, mode in the frequency band of interest.

e The value of r¢ is so chosen that it ensures the cutoff condition for TM1; mode in that waveguide

section but supports the TEL; mode.

e To improve the impedance matching, the transition of waveguide radius from r; to rg is achieved

using a stepped waveguide as shown in Figure

e Similarly, stepped waveguides having radii r7, rg, 79 are placed between rg and 719 to generate

the required amount TM}; mode.

e Two surfaces having elliptical cross sections and inclined at 45° with respect to = axis in the r¢

waveguide as shown in Figure 5.3, are used to generate the TEL; mode.

e Mainly, the lengths lg and l;5 are used to control the relative phases of TES, and TM}; with

respect to TE}, mode.

Table 5.2: Estimated mode coefficients and relative phases at 6 GHz.

Mode TE!, T™!, + TEL, _ Cross-polar Izower
45 90

Case 1: 14— - —22.8 dB —19.5 dB

Case 2: 0.8409,0° 0.466320° + 0.2747/—89.3° —47.5 dB —47.65 dB

Matched feed is designed for a given specification of an offset reflector antenna for which dimensions

are F =08 m, D =13 m and H = 0.2 m. Generalized power balanced far field pattern of circular
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horn is derived using Chu’s model as specified in Section [4.4] for the case of an x polarized waveguide.

The far field pattern of TEL,, mode is derived as

; kn 2m . Bn Jm(kasing) p
ETErlnn — gmtly+ 2m g 0 kR
’ I Vv \| B+ Bom)(@ty —m?) B Tk ST g smmoe
(5.15)
] k?77 2ak |, Bmn J! (kasin&) .
ETEmn — jmtly+ 2ak oI (kasin ) ki
¢ J ATBmn \| B (1 + Oom ) (22, — m2) R ( T cos )1 (B cos moe
(5.16)

where B, ke and 7 are the propagation constant, wave cutoff of mode and free space wave propaga-
tion, respectively. R, 6 and ¢ are the coordinates of observation point of the far field. The far field

pattern of TM! = mode can be written as

1 ]W? 2 ﬂmn Jm(k‘a sin 9) . .

ETMrlnn — m+1v+ 9 kR 517

6 J AT Mmn 5mn(1 n 807”)71' RSIHQ( Lk -+ cos )‘1 — (ksli;e)z Slnm¢€ ( )
B M = 0. (5.18)

It may be noted that VXTEmn and VXTMW are the mode coefficients of TE and TM mode, respectively.
Figure [£.4] shows the computed cross-polar level at secondary pattern obtained using our developed
code when the feed is excited with the TE}; mode. Same results are compared by the simulated HFSS
results and close agreements are found. As specified in Section (3] an analytical technique is used
to estimate the required mode ratio and relative phase of TEY;, and TM}; mode to obtain the low
cross-polar secondary pattern at the design frequency of 6 GHz. Detail studies are presented in Table

12.2)

5.5 Investigation on the performance of MM /2D-FEM/MOM/PO

technique for proposed matched feed structure

As discussed in Chapter 2, Chapter 3 and Chapter 4, feed modeling is carried out using the
combination of MM, 2D-FEM and MoM technique and PO as specified in Section (.1l is used to
obtain the reflector far-field pattern of our proposed technique. In this Section, the performance of
our proposed technique is investigated for the considered matched feed structure.

The dimensions of matched feed are decided using HFSS through the adjustment of required mode
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Figure 5.4: Cross-polar performance of TE?[1 mode at 6 GHz.

coefficient and its relative phases as specified in Table The scattering parameters and relative
phases are given in Figure [(.5] The performance of developed hybrid technique (MM /2D-FEM)

is evaluated and compared with simulated HFSS results for the proposed matched structure.
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Figure 5.5: Scattering parameters of our proposed matched feed.

The performance of developed MM /2D FEM/MoM is also investigated for the proposed matched
feed. Computed reflection coefficient and far-field pattern at 6 GHz are compared with simulated
HFSS results, and these are plotted in Figure (5.7 and (5.8 Close agreements are found for these
comparisons.

The cross-polar performance at secondary pattern is investigated using MM /2D FEM/MoM /PO
technique and also compared with HFSS results as shown in Figure It may be noted that 3D FEM

technique for feed and PO for reflector are used to simulate in HFSS. Also, the analytical secondary
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Figure 5.6: Relative phase of scattering parameters of our proposed matched feed.
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Figure 5.7: Reflection coefficient of our proposed feed.
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Figure 5.8: Feed radiation pattern at 6 GHz.
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Figure 5.9: Secondary cross-polar performance of proposed matched feed at 6 GHz.
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Figure 5.10: Cross-polar performance of proposed matched feed.
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pattern for the estimated mode coefficient and the relative phases (as specified in Table [(5.2]) is plotted
in Figure 5.9l The cross-polar bandwidth is investigated using HFSS as well as using our developed

hybrid technique as shown in Figure G100

5.6 Conclusion

A new kind of matched feed structure has been proposed using TEL,;, TE}, and TM}; modes.
In this design, appropriate junctions to generate the higher order modes have been used to achieve
the wideband performance. Moreover, its performances have been investigated using our developed
hybrid technique MM/2D FEM/MoM/PO. A brief theory on matched feed design technique using
analytical and semi-analytical method have been explained in connection with analysis of the feed and
the reflector. Also, discussions on PSO has been presented to explain how it has been incorporated

along with the analytical and semi-analytical method to obtain low cross-polar secondary pattern.
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6. Design of Novel Matched Feed Structures

In this chapter, several matched feed structures are designed using PSO optimization technique
along with analytical or semi-analytical model of feed and reflector. The first design is a rectangular
matched feed based on TEy; and TMj; operating modes. In the next design, a non-regular type
of matched feed structure for wide-band application is presented in this chapter. This is followed
by a wide-band diagonal matched feed which is introduced to suppress the cross-polar power of the
asymmetric-plane of an offset reflector antenna. A feed structure utilizing the conjugate field radiated
from a rectangular choke excited by two slots on a diagonal horn to suppress the wide-band cross-polar
power of an offset reflector antenna is also proposed. Design techniques for all the horn structures are

explained in details.

6.1 A novel rectangular matched feed

Based on the analytical studies, Rudge and Adatia reported that a rectangular matched feed
combining dominant TEg; and proper amount of TEq; or TM1; mode suppresses the cross-polar level
of an offset reflector antenna [1]. However, practical realization of smooth walled rectangular matched
feeds that are reported in literature [1,6] use a combination of TEy; and TE;; modes only. It is observed
through analytical study that combination of TEy; and TM;; modes provides better performance as
compared to TEg; + TEq; and TEy; + TE1; + TM7; cases. To the best of our knowledge, the design
of rectangular matched feed using TEy; and TM7; mode is not adequately addressed in literature. A
shifted waveguide junction based design is introduced here for a matched feed that uses TEy; and TMq;
mode combination. It is observed in this study that due to use of such shifted waveguide structure,
return loss performance is not affected much whereas in pin based matched feed design, return loss
gets affected [6,86]. In this section, the design of shifted waveguide based rectangular matched feed is

dealt in detail.

6.1.1 Analytical study to reduce the cross-polarization level

In this study the same approach as described earlier is used; a contour plot of reflector cross-polar
power is generated corresponding to TE1; /TM;j; mode coefficients and relative phase of analytical dual
mode feed pattern. Also, a PSO technique has been used to estimate the required mode coefficients
and relative phases of analytical tri-mode (TEg; + TE;; + TM;;) feed pattern to obtain the low

cross-polarization pattern of the reflector as specified in

86



6.1 A novel rectangular matched feed

Generalized power balanced far field radiation patterns of multi-mode rectangular horn have been
derived using the concept of Chu’s model [21] and detail theory as discussed in Section [£4]is employed
to derive it. The electric field components of the far field pattern due to TE,,, mode can be written
as

B cos 0) sin 0] (mbsin ¢)? — (nacos qﬁ)Q]wmn#

By P = g (14

—jkR
E:‘;Em" = ™" Vg, (cos 0 + %) sin @sin ¢ cos @[(mb)? + (na)Q]wmneT

Similarly, electric field components of the far field pattern of TM,,,, mode are

o—JkR

R )

Eng" = ™" Vg, (cos 6 + ﬁ;m ) sin 9%1%1”

T Mpn _
B Mmn —

where R, # and ¢ are the coordinates of the observation point of far field and f3,,,, £ and 1 represent
the different modes’ propagation constant, free space wave number and free space wave impedance,
respectively. a and b represent the horn aperture dimensions and Vrpg,,, , and Vryy, . are the mode

coeflicients. ., is defined as

njot

k2 y/nab sinc(hesinfeos otmy gy o kbsindsin ¢-nr

mn — ( 2 . s
\/2/6mn(1 + Som) (1 + Bom) ((mb)? + (na)?) (kasin 6 cos ¢ — mm) (kbsin 0 sin ¢ — n)

(2 )

1, i=j
where 6ij =

0, i#J
The feed design has been carried out for the following offset reflector and horn aperture dimensions:

F =1m, D = 1.3 m, offset height H = 0.12m, o = 38.8° and a x b = 0.088 x0.124 m?. For an optimal
design of the matched feed, the performance of dominant mode (TEg;) in suppressing the cross polar
level of secondary pattern using the proper combination of TE{; and or TM7; mode have been studied
and appropriate mode coefficients and relative phases have been evaluated. As mentioned earlier, in

this analytical study, the power balance concept for total radiated power has been used. Analytically,
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Figure 6.1: Analytical secondary radiation pattern for unmatched and matched feed at 6 GHz, computed
using MATLAB.

effective far field radiation pattern of feed can be written as

T
ETE01 \/1 - |V'TE11|2 - |V'T1\411|2
E=| Erg, Vre, (6.1)
ETM11 VTMH

where Vrg,, and Vrpr,, are the complex mode coefficients of T'Ey; and T'Mp; mode. Cross polar
performance of the reflector is studied for different combinations of mode(s) of the feed and the same

is presented below:

e Case 1:-The reflector cross-polar performance of T Ey; mode excitation is shown in Figure [6.1]
for the specified antenna system parameters. A high cross-polar power, close to —25.2 dB, is

observed for this unmatched feed.

e Case 2:-To estimate the required mode coefficient and relative phase of TM71; mode for TEg; +
TM7; combination, a contour plot of cross-polar level of secondary pattern has been generated
with respect to TM1; mode coefficient, and relative phase and the contour plot obtained is shown
in Figure The estimated values of desired mode coefficients and relative phases for the
design of matched feed are shown in the Table[6.Il With the values of the mode coefficients and
relative phase given in Table [6.0] cross-polar level in the secondary radiation for the analytical
feed pattern reduces to —52 dB (as compared to —25.2 dB for the unmatched case) and the

same is also shown in Figure
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e Case 3:- A contour plot of cross-polar level with respect to coefficient and relative phase of
TE;; mode is plotted in Figure The required mode coefficient and phase for suppressing the
cross-polarization are shown in Table[6. 1] and also the cross-polarization pattern has been shown
in Figure It is observed as compared to TEg; + TM;; mode combination, improvement of
cross-polar level is less for TEg; + TE1; mode combination, —47 dB cross-polar level has been

achieved.

e Case 4:- Performance of a tri-mode combination consisting of TEg;, TE{; and TM;y; is also
studied analytically. In this study, the unknown variables Vrg,, and Vrps,, are complex coef-
ficients. To solve this problem, a PSO based technique has been used. The estimated mode
coefficients and phases are enlisted in the Table It is observed in this study that coefficient
value of TM1; plays a more significant role in suppressing the cross-polar level. We have studied

some special cases for the tri-mode combination which are described below:

— Special Case 4.1:- In this scenario, we have considered that both complex coefficients of
Vre,, and Vrpg, are equal and a contour plot of cross-polar magnitude in dB has been
shown in Figure [6.4l The optimum coefficients and relative phases value are enlisted in

Table

— Special Case 4.2:- We have investigated another special case where Vrg,, and Vrpr,
magnitudes are equal but their relative phases are different. Using PSO technique, we
have estimated the optimum coefficient and phases for suppressing the cross polar level
in secondary pattern and those values are presented in Table [6.1l It shows an interesting
evidence that combination of different relative phases of TE{; and TM;j; are sufficient to

generate the conjugate of the cross-pol field.

From the results of analytical study presented in Table [6.], it is observed, the performance of
TEg1 + TM;; mode combination is better compared to other cases. However, the majority of the
reported structures on rectangular matched feed have been found to use TEy; + TEq; mode [1,6]. In
the next section, we propose a new structure of a smooth walled rectangular matched feed involving

TE01 of TM11 modes.
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Figure 6.2: Contour plot of cross-polar power with respect to coefficient and relative phase of TM1; mode at
6 GHz.
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Figure 6.3: Contour plot of cross-polar power with respect to coefficient and relative phase of TE;; mode at
6 GHz.

6.1.2 Feed Design and Results

The proposed structure of matched feed with specified dimensions is shown in the Figure [6.5
Higher order modes are generated using a junction consisting of a shifted waveguide. The matched
feed design is carried out based on the parametric study of some specific dimensions in HFSS. The
matched feed is excited using a standard waveguide WR-137. Since TE;; and TMj; are degenerate
modes having the same cutoff frequency, retainment of TM;; mode and suppression of TEq; mode is a
challenging task in this design. However, it is observed that the choice of the rectangular dimensions

(a1 x by) plays an important role to generate the equal or unequal power level of TM;; and TEq;
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Figure 6.4: Contour plot of cross-polar power with respect to balanced coefficient and same amount of relative
phase of TE{; and TM;; mode at 6 GHz.

Table 6.1: Estimated the mode coefficients and relative phases using analytical technique for the
matched feed design at 6 GHz.

Mode TEo1 TE11 TMq1 Cross-polar level
Case 1: 0dB Z£— - - —25.2 dB
Case 2: —0.061 dB £0° - —18.644 dB | —52 dB
£95.3°
Case 3: —0.0368 dB £0° | —20.739 dB | - —47 dB
£94.26°
Case 4: —0.061 dB £0° —63 dB £175° —18.639 dB | —51.98 dB
£95.3°
Special Case4.1: —0.02271 dB | —25.85 dB | —25.85 dB | —50.1 dB
Z£0° /94.27° /94.27°
Special Case4.2: —0.1031 dB £0° | —19.2924 dB | —19.2924 dB | —50.18 dB
£50.5750° /£—179.8572°
Lly [T X
1 2
TP T— a

Figure 6.5: The proposed matched feed structure including all the dimensions are a,, X b, = 15.8 x 34.85
mm?, a; x by = 35 x 60 mm?, a x b =88 x 124 mm?, and {ly,ls,13,14,15,h} = {64,7,8,10,124,2} mm.
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Table 6.2: Adjusted mode coefficients and relative phases of matched feed at 6 GHz.

Mode TE01 TM11 TE11
Coefficient -0.087 dB | -19.03 dB | -32.69 dB
Relative phase 0° 97.6° 126.91°
60
‘‘‘‘‘ Crosss—pol at <]>:90O
T — Co-pol at q):OO
451 . |~ Co-pol at $=90°

| LA | ‘Sh=s |

-2 2
Theta &egree)

51 :
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Figure 6.6: Simulated cross-polar performance of secondary pattern in HFSS at 6 GHz when matched feed is

linear polarized.
(b)

y

@ﬂj)@ﬂﬂ

Figure 6.7: Cross-polarization suppression technique of an offset reflector antenna using TEy; and TM;; mode.
(a):-Feed aperture pattern of TEg; mode (b):-Field configurations of symmetric and asymmetric components
at focal plane of reflector (c):- Field pattern of TMy; mode (d):-The conjugate matching in the application of
TM1; mode, it cancels the y component of symmetric pattern.

(a)

modes, when any kind of discontinuity is kept inside the rectangular waveguide. The shifted waveguide
junction has been designed appropriately through the parametric study in HFSS for proper choice of

rectangular dimensions (a; x b1). This allows the generation of very highly unbalanced power levels
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Figure 6.8: Analytical (computed using MATLAB) and Simulated (HFSS) reflector patterns at 6 GHz for
matched feed excitation.
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Figure 6.9: Computed beam squinting of secondary pattern at 6 GHz for the unmatched feed.

between TM7; and TE{; modes, and hence higher TM1; power level as compared to TEq; could be
achieved in our design. Offset height (h) of shifted waveguide is used to control the magnitude of TM;;
mode and I5, and I4 lengths are used to adjust the required relative phase. Length [ is used for the
improvement of impedance bandwidth. The adjusted mode coefficients and relative phases are given
in the Table The simulated cross-polar performance is given in Figure As seen in the Figure,
—37.5 dB cross-polar power level has been achieved when the entire antenna system is simulated in
HFSS V15. It may be pointed out here the PO package of HFSS V15 has been used for computation

of the secondary pattern. The cross polar suppressing technique with the application of TM;; mode
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Figure 6.10: HFSS simulated beam squinting performance of secondary pattern at 6 GHz when the feed is
matched.
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Figure 6.11: Simulated HFSS results of impedance and cross-polar bandwidth of the proposed dual-mode
matched feed for specified reflector antenna.

is shown in Figure A small deviation of side lobe region of the secondary pattern is observed
in HFSS simulated results as compared to analytical pattern and the same can be seen in the field
patterns shown in Figure A possible reason for this dieviation is due to the contribution of the
remaining x component field component after suppressing the cross-polar component (y component
of symmetric pattern) in the application of TMj; mode as shown in Figure Figure and Figure
show the performance in terms of beam squinting at 6 GHz for the unmatched and matched feed,
respectively. The cross polarization and impedance bandwidth are presented in Figure and it is
observed that a bandwidth of 130 MHz is achieved for —30 dB cross-polar level. It is found that in our

design, impedance bandwidth can be easily maintained for wide band of frequencies. However, return
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6.2 A novel non-regular matched feed structure

loss gets effected in traditional pin based rectangular matched feed design as mentioned in [6, 86].

6.2 A novel non-regular matched feed structure

In order to generate higher order modes that are to be used for conjugate matching, obstacles
such as post or septum are generally kept inside the waveguide at appropriate locations. Usually, such
junctions provide constant relative phase difference of the higher order mode with respect to main
operating mode in their vicinity. However, it becomes a challenging task to maintain the required
relative phase difference of the higher order mode at feed aperture for a wide range of frequencies,
as needed in case of wideband conjugate matching. Individual modes propagate with different prop-
agation constant within the waveguide and also they further combine with reflected waves which
ultimately change the relative phase difference at feed aperture. However, efforts have been made in
recent works to achieve the wideband conjugate matching using circular waveguide. The cross-polar
and impedance bandwidth could be enhanced by keeping the two posts in front of aperture and using
the quarter wave length matching in case of TE3; mode as reported in [5]. A ring choke excited
compact dual-mode circular waveguide feed using a slot is introduced in [10] and such design could
provide a higher degree of freedom in choosing the dimensions for the wideband operation.

For designing a wideband feed, a possible solution may be to use a proper feed aperture for which
cutoff wave numbers of main operating mode and desired higher order mode (used for cross-polar
suppression) are very close. In order to achieve the same, a new kind of aperture is proposed that
consists of intersection of a rectangular and circular geometry. The shape of the aperture is decided on
a trial and error basis using a 2-D FEM for finding the modal solution. For the proposed dual mode
feed, the two modes used have close cutoff wave numbers, and the main operating mode has a pattern
which is close to TE!; mode of circular waveguide, while the other mode pattern is close to a mix of
TM;i; mode of rectangular and TMy; mode of circular waveguide. The required mode coefficients and
relative phase difference are estimated using PSO for considered system specification. PO is used to
calculate the reflector radiation pattern illuminated with the proposed feed configuration. Far field
pattern of the feed is evaluated using a semi-analytical technique. The performance of the cross-polar
and impedance bandwidth are investigated using HFSS simulator.

The details of the feed configuration and associated modes are presented in the following subsection.
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6. Design of Novel Matched Feed Structures

6.2.1 A semi-analytical technique to evaluate the multi-mode radiation pattern

of our considered feed aperture

Conventionally, rectangular, circular or elliptical multi-mode horns (both smooth walled and cor-
rugated) are used as the primary feeds for an offset reflector antenna. Such kind of feeds and their
design techniques have been dealt extensively in the literature [6,7]. The estimation and calcula-
tion of required multi-mode coefficients and relative phases for such feed aperture to achieve low
cross-polarized pattern of offset reflector is generally not difficult due to the availability of analytical
solution of Helmholtz equation. However, when an aperture contains a non-regular geometry or a regu-
lar geometry for which analytical solution of Helmholtz equation is not available, numerical techniques
are required for obtaining the solutions. Several methods such as FEM, MOM, FDM, Rayleigh-Ritz
variation method etc can be used. In this study, a 2-D FEM technique is used for the solution of the
cutoff wave numbers and scalar potentials for the waveguide geometry used in the design of the multi-
mode feed horn under consideration. Detail descriptions on the solution of 2-D Helmholtz equation
and calculation of field patterns and cutoff wave numbers of non-regular shape is presented in the
Section Calculated 2-D FEM based solution of field patterns and cutoff wave numbers are carried
out for the evaluation of multi-mode horn radiation patterns, only some important points are added

below for this process.

e Axis alignment of the mode solution strictly depends on the meshing and associated geometry.
For the geometry considered in our work, any special treatment has not been applied due to the

absence of axis non-alignment mode solution.

e The multi-mode power balance radiation pattern of feed with respect to complex coefficient of
individual modes has been evaluated using the barycentric subdivision of four-point integration
applying into equation (L.57) and (A58]) employing the normalized mode field pattern and their

mode impedance.

Table 6.3: First four modes and their cutoff values (k.,) of our proposed aperture

SLNO. | Mode | Cutoff k., (a = 1m, ¢ = 45°%)
1 TE; 1.7188
2 TE, 2.3413
3 ™, 2.7691
4 TE;3 3.0866
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6.2 A novel non-regular matched feed structure

(a) (b)

Figure 6.12: (a) Proposed aperture and its dimensions (b = acos€) (b) First four modes field distribution of
our proposed feed aperture.
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Figure 6.13: Variation of cutoff values (k.,) of individual modes plotted with respect to & for a =1 m.

Our proposed feed aperture which is an intersection of rectangular and a circular geometry, is
shown in Figure (a). The radius of the circle is a and the rectangle has dimensions 2a x 2b;
the parameters a and b are related as b = acos{, 0 < & < /2. Field patterns computed using 2-D
FEM solution of Helmholtz equation are presented in Figure (b) for the case ¢ = 45°. It can be
seen that mode field distributions are of mixed type, TE; field distribution is closer to rectangular

waveguide TE1g mode. TE, mode is closer to circular waveguide TE}, mode. TM; is of mixed type,
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approximates a combination of rectangular TM;; and Circular TMg; mode. TEj3 is close to rectangular
TEy; or circular TES; mode. Similar field distributions are found when a is kept fixed (here a = 1-m)
and & is varied; only their cutoff values become different, plot of which are shown in Figure [6.13]
Choosing a small value of ¢ leads to a solution of TM; mode which is similar to circular TMp; mode.
Such mode is not useful in suppressing the cross-polar power of an offset reflector when combined with
the main operating TEs mode. On the other hand, if we consider larger values of £, aperture produces
the mismatched far field patterns at E and H plane for TEy mode; but TM; mode for larger value of
& behaves as TM; rectangular mode and can suppress the power of the cross-polar field produced by
TEs mode. Therefore, the value of & needs to be chosen appropriately. The computed cutoff value of
individual modes of our proposed aperture (a = 1,& = 45%) is shown in Table The propagation
constant of individual modes in case of our considered geometry can be evaluated using the specified

k. values (Table [63) employing as 5 = kg — k.2, where kg is the free space wave number and k, is

the cutoff wave number corresponding to a given radius a and related to k., as k. = k;o )

6.2.2 A semi-Analytical technique to reduce the cross-polar level in secondary

pattern

Feed radiation pattern is found using the earlier mentioned technique and PO is used to study
the reflector pattern to obtain the low cross-polar secondary pattern by adding appropriate amount
of desired higher order mode. For the proposed feed configuration, TEs mode is the main operating
mode and TM; or TE3 mode is used for conjugate matching to suppress the cross polarization level.
The feed aperture dimension a is chosen in such a way that it supports propagation of those higher
order modes at the design frequency (6 GHz). The determination of cutoff values and propagation
constants for this modes are already discussed in Section The feed design has been carried out
for the following offset reflector and horn aperture dimension: F' = 1 m, D = 1.3 m, offset height
H=0.12m, o = 38.8° and a = 0.025 m.

It may be pointed out that using semi-analytical technique, the secondary patterns are evaluated
for ¢ = 0%, 5°, 10°, ........ , 175°]. From our study, it is found that maximum cross-polar level occurs
at ¢ = 90° and ¢ = 45° respectively, for unmatched and matched feed. Therefore, plots of cross-polar
power at 45% and 90° planes are presented here. The radiation pattern of offset reflector antenna is

evaluated for the main operating TEs mode at the design frequency (6 GHz) and the performance
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6.2 A novel non-regular matched feed structure

Table 6.4: Estimated mode coefficients and relative phases at 6 GHz for the matched feed design and relative
performance of different combinations.

Mode TE, TM, /TE; - Cross pola;ofgower
Case 1: 14— - —25.6 dB —23 dB
Case 2: 0.949520° 0.3137£-87.3° (TM;) —41.6 dB -50.5 dB
Case 3: 0.9253£0° 0.3793£—85.52° (TE3) | —41.9 dB —48.3 dB

— Co-pol at q):OO for unmatched feed (Matlab) *  Co-pol at ¢:90° for unmatched feed (HFSS-PO)
— — ~Co—pol at ¢:90° for unmatched feed (Matlab) O Cross—pol at ¢:90° for unmatched feed (HFSS-PO)
— ~ Cross—pol at (j):QO0 for unmatched feed (Matlab Cross—pol at ¢:45° for matched feed (Matlab)
X Co-pol at q>:0° for unmatched feed (HFSS-PO)| ¥  Cross—pol at z1>=900 for matched feed (Matlab)
T T T T T T

0
Theta in degree

Figure 6.14: Secondary radiation pattern using semi-analytical technique for the unmatched and matched
feed at 6 GHz, computed in MATLAB and semi-analytical unmatched feed pattern verified using HFSS.

is shown in Figure A high cross-polar power is observed for this unmatched feed and its value
is shown in Table The performance of cross-polar power using the semi-analytical technique is
compared with simulated HFSS result and a close match is obtained as shown in Figure .14l It may
be noted that the comparison is done for a radiated power of 1 W.

To estimate the mode coefficient and relative phase of TM; mode for the TE, + TM; combination
used to achieve low cross polarized reflector pattern, a PSO based technique is used. The algorithm of
PSO is developed in MATLAB using the techniques already described earlier. It may be noted that
PSO uses a fitness function which is directly related to cross-polar level of secondary pattern. TM;
mode coefficient and relative phase are evaluated using the radiated power balance concept employing
PSO technique and those values are enlisted in Table 6.4l The cross-polar level in the secondary
pattern reduces to —50.5 dB at ¢ = 90° (as compared to —23 dB for the unmatched case) which is
presented in Table and the same is also shown in Figure

Also, we have investigated the lowering of cross-polar level in secondary pattern for the combination
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(a) (b) (c)

Figure 6.15: (a) Our proposed feed structure: consists of three sections; S is a standard circular waveguide;
Sy is a circular to elliptical transition; S is the proposed waveguide section. All the dimensions {a, b, ¢, 1,12} =
{25,17.68,17,35,26} are in mm and the posts are of length x width x height = 3 x 3 x 10.3 mm?®. The posts
are located 7 mm behind the aperture. (b) Junction between Ss and S5 (c¢) Section S3 with Radiating aperture
and pins.

of TEy 4+ TE3 employing approach similar to TE, + TM; combination. The desired mode coefficients
and relative phases are enlisted in Table It is observed that the performance of cross-polar level

is close to TEo + TM; combination.

6.2.3 Design and Results

Studies using the semi-analytical technique mentioned in Sections [6.2.1] and leads to design
of the proposed matched feed structure. It is observed that the cross-polar performance for TM; and
TE3 modes are almost similar. However, use of TM; mode provides some advantages in the practical
design, as it is suitable to maintain the cross-polar and impedance bandwidth for a wide range of
frequencies. Difference between cutoff wave number of TM; and TE; mode is less. As a result, it is
possible to maintain the constant relative phase difference (—%) between TM; and TE; modes at the
aperture. This helps in cross-polar suppression over a wide range of frequencies. The generation of
TE3 mode using a single post is very popular technique [6]. Our proposed technique uses two posts
behind the aperture to generate the TM; mode and their configurations are shown in Figure (c).
It may be pointed out that wideband impedance match is difficult when single post is used to generate
TE3 mode.

The proposed structure including all the dimensions is shown in Figure (a). The matched

feed is realized based on the parametric study performed on some specific dimensions. The proposed
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Figure 6.16: Simulated E and H-plane patterns of matched feed at 6 GHz.

matched feed structure consists of three waveguide sections. The first section (S7) is a standard
circular waveguide of radius ¢. The second section (S2) is circular to elliptical transition of length
l1. Specifically, the flare surface of this section can be represented by the equation Mﬁ:?ﬁ +
[CJF%TC)]Q = 1. The cross-section at z = 0 is a circle of radius (c¢) while at z = [;, the cross section
is an ellipse with major and minor axis dimensions 2a and 2b, respectively. The third section (S3)
has a length of ls and its cross section is the intersection of circular and rectangular geometries. One
end of this section forms a junction with the elliptical waveguide and the other end is the radiating
aperture. As mentioned, the higher order TM; mode is generated using the two posts which are placed
behind the aperture, 135% and 225° inclined with respect to the x-axis. It may be noted that the back
scattered field of TM; mode reflects into section Ss from the junction formed by sections S3 and So as
TM; mode is not supported in the Sy section. On the other hand, such junction easily translates the
elliptical TE{; mode of S2 to TEs mode in S5 without mismatch of mode impedance. The choice of [y
effects the impedance bandwidth and length Is is chosen close to a quarter wavelength of TM; mode
at the design frequency. Basically, [; maintains impedance matching during the transition of TE%1
circular mode to elliptical TEl; mode at the end of section Sy. Through a parametric study, height,
width, length and position of the posts have been decided to adjust the mode coefficients according
to Table [6.4]

E and H-plane patterns of matched feed are simulated in HFSS and CST and the same are shown

in Figure [6.16l A close match can be observed between them. The simulated cross-polar performance
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Figure 6.17: Simulated cross-polar performance of secondary pattern in HF'SS at 6 GHz for proposed matched

feed.
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Figure 6.18: Cross-polar and impedance bandwidth of our proposed matched feed structure for the specified
reflector dimensions.

in HFSS v15 is shown in Figure 617 The cross-polar level is found to be —36 dB, which is close
to result obtained through our computed semi-analytical technique. It may be noted that different
solvers of HF'SS have been used in this study. 3-D FEM module is used for feed modeling and both PO
and IE Solver (EFIE-electric field integral equation) are used separately for computation of reflector

pattern. Both methods give similar result as shown in Figure [6.171 The cross-polar and impedance
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6.3 A novel dual-mode diagonal matched feed to achieve wide cross-polar bandwidth

bandwidth are shown in Figure 618 A bandwidth of 545 MHz is achieved for —30 dB cross-polar
power level and the magnitude of reflection coefficient within this band is below -18.5 dB (using both

CAD tools, HFSS and CST).

6.3 A novel dual-mode diagonal matched feed to achieve wide cross-

polar bandwidth

For the various matched feed structures reported in literature, in majority of the cases [5-8,10], the
depolarization effect is dealt only with x-polarized main operating mode of matched feed or cross-polar
suppression of the symmetric plane of an offset reflector antenna (polarization defined with respect to
Figure [[L2). It is found in the literature [5-8,10] that the required conjugate matching mode for an
x polarized matched feed can be easily generated from the main operating mode through the use of
appropriate choice of junction(s).

While cross-polar suppression of feeds operating with z-polarized main mode is dealt quite ex-
haustively, both analytically as well as in terms of practical implementation, cross-polar suppression
of feeds having y-polarized main mode has been dealt mainly analytically [1]. Feeds supporting both
x and y polarized main modes will be useful for frequency reuse and in MIMO systems. Realization
of y-polarized matched feed is quite challenging because of the difficulty arises in generating using
simple junctions/obstacles the required conjugate matching modes i.e. TEqs for rectangular, TE3, for
circular and HE3, for corrugated circular waveguide based feeds and maintaining their magnitudes
and phases relative to the main operating modes. Dual polarized feed reported in [11] uses external
source to generate conjugating matching modes and uses six SMA connectors to feed power to generate
TE},/TE?, and TE},/TEZ, modes within a circular waveguide. Such arrangements make the system
complex and an extra controller unit is needed to feed power.

Wide-band conjugate matched feed is always preferable for mono-pulse radar. For such feeds, the
relative phase difference of —7 for the conjugate mode and appropriate mode ratio are required to
be maintained over a wide-band of frequencies. Meeting these requirements for wide-band system is
often quite challenging. It depends on the choice of junction(s), cut-off of operating modes, selection
of aperture, its dimensions as well as on the adopted design methodology. Some of the design method-
ologies of different matched feed structures to achieve the wide-band conjugate matching can be found

in [5,10,11].

103



6. Design of Novel Matched Feed Structures

Diagonal feed, a variant of rectangular waveguide, is introduced as a matched feed in this sec-
tion. As mentioned earlier, in general, TE{; /TM; and TEp, modes are used as conjugate modes
respectively, for x polarized and y polarized rectangular matched feed. However, the scenario becomes
quite different in case of a diagonal feed. It is observed through analytical study that TE% (same
as rectangular TE11) mode can eliminate the depolarization effect of an offset reflector antenna when
y polarized TEB (a linear combination of rectangular TEy; and TE;¢) mode illuminates it as a pri-
mary source of excitation. On the other hand, TMY, (same as rectangular TM;;) diagonal mode can
suppress the cross-polar level when offset reflector is excited with = polarized TEB (another linear
combination of rectangular TEg; and TEjp) mode. Analytical study is carried out using analytical
far-field patterns of operating modes of diagonal feed, PO is used to evaluate the secondary pattern,
and PSO to estimate the required mode ratio and relative phase of conjugate matched mode for op-
timum cross-polar level. Closed form expressions of far-field patterns of diagonal waveguide for TEB,
TEY, TEY, and TMY, modes are formulated for this purpose. A simple diagonal matched feed is
designed to operate with TER and TE}, modes. TEY, mode is generated using a rectangular post.
Feed design is carried out to meet the objective of wide-band conjugate matching. The performances
of cross-polar and impedance bandwidth of our proposed matched feed are investigated using HFSS.

To the best of our knowledge, such diagonal matched feed and its associated modes presented here
have not been studied in any earlier literature. Further, the feed geometry is kept very simple, and it

can be fabricated easily.

6.3.1 Analytical study to suppress the cross power

As mentioned in Section [5.3] the feed design is carried out through formulation of an analytical
model, where PO is used to evaluate the far-field pattern of the offset reflector when it is illuminated
by analytical far-field pattern of the feed and PSO is used to estimate the required mode ratio and
relative phase of the conjugate matching mode so that the cross-polarization is minimized for the
reflector pattern.

Associated modes and cutoff wave numbers of diagonal feed are the analogous of rectangular
waveguide modes. Three groups of degenerated modes are found considering the first six modes
({TEo1, TE10}, {TE11,TM11}, {TEg2, TEg2}) when a rectangular waveguide having the same sides

(a x a) is used. The calculated values of cutoff wave number of those degenerated modes are 7, ’TT\/E
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6.3 A novel dual-mode diagonal matched feed to achieve wide cross-polar bandwidth

Figure 6.19: First four mode patterns of diagonal waveguide

and %’r Only a few of the mode patterns are found as linear combination of rectangular degenerated
modes. The first four mode patterns of diagonal waveguide are shown in Figure As observed the
patterns of {TER, TEY} are linear combination of { TEq;, TEjo} rectangular modes, {TED,, TM?, } are
similar to that of {TEq;, TM;;} modes, and also next two modes can be found as linear combination
of {TEp2, TE2o} modes which are not presented here.

TEll)1 diagonal mode has the similar field of asymmetric cross-polar pattern [1] found at focal plane
of an offset reflector antenna induced by a linear y polarized field and TER field is close to linear y
polarized pattern. On this basis, those modes are chosen for the y polarized matched feed. Based on
similar kind of reasoning, TEB and TM% modes can be used for x-polarized diagonal matched feed
design.

The closed form expressions of power balanced far-field radiation pattern of multi-mode rectangular
horn is found in Section .11, based on Chu’s model. Similarly, the power balanced far-field patterns
for TER, TEY, TED, and TMY, modes are formulated based on the concept of linear combination
of degenerated modes, considering 7 geometrical azimuth angle difference between rectangular and

diagonal waveguide and using the far-field expressions as specified of associated modes for rectangular

105



6. Design of Novel Matched Feed Structures

waveguide. The far-field patterns as considered for different modes are calculated as
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R, 0 and ¢ are the observation point of far-field. VQPEH, VIPEV, VTDE11 and VTDM11 are respectively,

where Y, =

complex mode coefficient of TER, TED, TE% and TM% modes. By, Oy, ﬂlEl and ﬁ{\{[ represent
propagation constant of TER, TE\?, TED, and TMP, modes. k is free space wave number and (a)
represents the edge length of diagonal feed as mentioned.

The design of diagonal matched feed is carried out for the C-band (5.85 — 8.2 GHz). Edge length
a of diagonal feed is decided based on the cutoff value (Z, %5 L %’r) of TER, TED, and next higher
diagonal modes. It is found that ¢ = 37 mm is sufficient for propagation of TER, TE% modes and
to stop propagation of next higher diagonal modes within C-band. So, ¢ = 37 mm is used for the
analytical study and simulating of matched feed performances.

The matched feed design is carried out for an offset reflector configuration having dimensions as
follows: focal length (F) = 1 m, diameter (D) = 1.3 m, tilt angle (o) = 38.8° and offset height
(H) = 0.12 m. The cross-polar performance of this considered reflector for TEH as main operating

mode is evaluated using the developed analytical technique for a radiated power of 1 W, which is

shown in Figure [6.20] and its cross-polar level is also mentioned in Table The performance of our
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6.3 A novel dual-mode diagonal matched feed to achieve wide cross-polar bandwidth

developed analytical technique is evaluated by comparing analytical results with simulated result of

HFSS as shown in Figure [6.20] and a close match is observed.

Co-pol at $=0° (analytical) % Co-pol at $=0° (HFSS-PO)

— — —Co—pol at ¢:90° (analytical) + Co-pol at q>=90° (HFSS-PO)
------ Cross—pol at ¢=45° (analytical) O Cross—pol at ¢:45° (HFSS-PO)
— — Cross—pol at ¢=9o° (analytical) | ¢ Cross—pol at <1>=900 (HFSS-PO)

Theta in degree

Figure 6.20: The study of TEE mode performance for considered offset reflector in 7 GHz using analytical
technique and HFSS (3D-FEM-+PO)

Table 6.5: Cross-polar performance of y polarized unmatched and matched feed and its mode coefficients at
7 GHz.

Cross-polar power
D D

Mode TEq TER 15 90°

Case 1: 14— - —24.7 dB —22.9 dB
Case 2: 0.9584/0° 0.2853/—89.9° | —35 dB —47 dB

Table 6.6: Cross polar performance of x polarized unmatched and matched feed and its mode coefficients at
7 GHz.

Cross-polar power
D D

Mode TEy TMp; 15 90°

Case 3: 1/— - —26.2 dB —23.4 dB
Case 4: 0.9604£0° 0.2785/—88.2° | —35.1 dB —54 dB

To suppress the cross-polar power induced by TER mode for the considered offset reflector, a PSO
based optimization technique [77] is used to estimate the required mode coefficient and relative phase
of conjugate matched TE% mode. Evaluated mode coefficient and relative phase of conjugate matched
mode are given in Table and its performance is shown in Figure [6.21]

Similarly, the performance in case of TE\? as main operating mode is also investigated using the
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Co-pol at $=0° (HFSS—PO)
Co-pol at $=90° (HFSS-PO)
Cross—pol at <]>:450 (HFSS-PO)
Cross—pol at $=90° (HFSS-PO)

Co-pol at ¢=0° (analytical)

— — —Co-pol at ¢=90° (analytical)

"""" Cross—pol at ¢=450 (analytical)
— — Cross—pol at ¢=90° (analytical)

< 0+ %

Theta in degree

Figure 6.21: Optimum cross-polar level of ideal matched feed (analytical) and our proposed structure (HFSS)
at 7 GHz.

specified technique and its cross-polar level is given in Table Required mode coefficient and
relative phase of TM% conjugate mode is estimated for optimum cross-polar level of our considered
reflector system using PSO technique and values are specified in Table

It may be pointed out that in our study, cross-polar pattern is evaluated for ¢ = [0°, 5%, 10°, ..., 175°]
and it is found that maximum cross-polar power is located at angles ¢ = {45°,90°} for matched and
unmatched feed, respectively. So, in this Section, the cross-polar performances are only presented
for ¢ = {45°,90°}. Further, it may be noted that in the analysis of feed and reflector using HFSS,
3D-FEM is used for feed and PO is used for reflector.

6.3.2 Feed Design and Measured Results

This sub-section provides the details of feed structure which generates the required modes and
also how the broadband cross-polar performance is achieved. Our proposed matched feed structure,
including all the dimensions is shown in Figure [6.22a). A C-band circular waveguide having radius
16.256 mm operated with TE?; mode is used as a source to generate the TEY diagonal mode. Matching
of such junction between circular and diagonal waveguide (without post) for the conversion of TE%l
to TEE is investigated in case of open ended waveguide and the magnitude of reflection coefficient is

found to be quite acceptable for the C-band application as shown in Figure[6.23l The junction suitable
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Q

€ >

(a) (b)

Figure 6.22: Our proposed feed structure and its dimensions: {a, {1, l2, b, d} = {37, 17, 15, 9, 32.512} mm;
(a) matched feed; (b) junction between circular and diagonal waveguide in presence of post.

- o - Reflection coefficient magnitude— diagonal horn with out post (HFSS)
- © - Reflection coefficient magnitude—matched feed (HFSS)
— Reflection coefficient magnitude—matched feed (Measured)

7
Frequency (GHz)

Figure 6.23: Reflection coefficient magnitude of matched feed for presence of post and without post.
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for generation of TE% mode is finalized after studying the performance of a number of junctions using
HFSS.

Conventionally, generation of TE;; mode in rectangular waveguide is done using a post [6]. As
mentioned in the literature, the post is located in the direction of the maximum electric field of TEg;
mode and it shorts this field to generate the TE{; mode. Generally, such junction degrades the return
loss. But, behavior of such junction in case of diagonal waveguide is quite different in comparison of
rectangular junction as observed in our studies. When a post is kept in the direction of electric field
of TER (—y axis), it generates the TMY, mode. On the other hand, it is found that TEY, mode is
generated when post is kept in the —z axis. Further, it is found that when such post is kept in the
vicinity of the junction formed by circular and diagonal waveguide to generate the conjugate matching

mode TED,, it also improves the return loss.

—&— Required mode ratio for ideal matched feed (Analytical)
1o Required relative phase for ideal matched feed (Analytical) 0
—— Adjusted mode ratio of proposed matched feed (HFSS)
*-- Adjusted relative phase of proposed matched feed (HFSS) -30
0.8| @ Estimated relative phase of proposed matched feed based on the theory
i 60
X S 1=
=8
@ 0.61 X Xy 7
E nxxxﬁx 5]
T 00 (o ZERREEEN O O ““é%“'x\ﬂl*g“““ ““““ [oZEEEE O O ©-90 2
2 XS L SEPP o o)
= KXoy, o o
0.4r X b
M 120
0.2 7
+4-150
1 1 1 1 1 _180
5.85 6 6.5 5 8 82

7
Frequency(GHz)

Figure 6.24: Estimated mode coefficients and relative phases for optimum cross-polar pattern using analytical
technique and adjusted mode coefficients and relative phases of our design over a wide-band of frequencies.

As per our understanding, this improvement is observed due to reduction of the mismatch of
impedance between main operating mode TE%l (circular mode) and a mode very close to TEE mode
over the post region (TERY) as compared to TE?; and TEL (diagonal mode). It is also observed
that a desired amount of a mode having pattern close to TEY, mode over the post area (TEDF) is
generated at the vicinity of the junction and it has a extra relative phase of —%’T with respect to TEBP
mode. Phase difference between TEDF and TERY modes increases as they reach the other end of the

post because the two modes have different propagation constants. At the discontinuity between the
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- v - Cross—polar power of unmatched feed (analytical)
-o--Cross—polar power of ideal matched feed (analytical)
—o— Cross—polar power of matched feed (HFSS-PO)

¥ -
A el A Al ol 4

I

7 74 7.8 8.2
Frequency in GHz

_40 1 I I

5.85 6.2 6.6

Figure 6.25: Maximum cross-polar power for our proposed matched feed using HFSS and ideal case using
analytical technique.

end position of post and diagonal waveguide (located near the aperture as shown in Figure [6.22)(a)),
TEDF is converted to TER,. On the other hand, TERY at this discontinuity give rise to TER and TEY
modes. The magnitude of this generated TE]131 component is small and has a phase different respect
to TEY, mode converted from TEP. Both of TEY, components combine and overall magnitude of
TEY, mode can increase based on the relative phases of the two components. Finally, TER and TEY
modes travel towards the aperture of diagonal waveguide with different propagation constants. It is
observed that the relative phase of TED, depends on the choice of i1, b and lo. On the other hand,
mode ratio depends on the choice of dimensions b and ls. The flexibility of choice of dimensions to
maintain the relative phase and mode ratio of TEY, for conjugate matching is used to achieve for wide-
band operation. Based on our understanding, the estimated relative phase of the conjugate mode is
shown in Figure for the design band and also compared with adjusted relative phase with HFSS
simulated results of our proposed matched feed for the deciding parameters.

Using analytical technique (PO + PSO + analytical feed pattern) as mentioned in earlier Section,
required mode ratios and relative phases of conjugate matching mode in C-band are calculated for
the considered reflector antenna over a wide-band of frequencies. Figure shows those values
of required mode ratios and relative phases of conjugate matching mode of an ideal matched feed.

The optimum cross-polar power using these estimated values of TE% mode is calculated employing
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Figure 6.26: A figure of prototype matched feed structure during the measurement of far field patterns in an
anechoic chamber.

—©— Simulated co-pol at q):O0 = = = Measured co—pol at ¢:90°
— Measured co—pol at q):OO —&— Simulated cross—pol at (1)2900
—— Simulated co—pol at q):goc ‘‘‘‘‘ Measured cross—pol at (1):900

Theta

Figure 6.27: Primary cross-polar level (simulated and measured) of the proposed matched feed at 7 GHz.
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—=— Simulated co—pol at ¢:OO = = = Measured co-pol at (1):900
— Measured co-pol at <]>:0O —©— Simulated cross—pol at q>:90°
—— Simulated co—pol at ¢:90° ‘‘‘‘ Measured cross—pol at q)=900

Figure 6.28: Primary cross-polar level (simulated and measured) of the proposed matched feed at 7.5 GHz.

our developed analytical technique and maximum cross-polar level (ideal matched feed) is shown in
Figure Height (11) of diagonal waveguide and dimensions (b, l3) of post are decided based on a
parametric study in HFSS to adjust the analytical estimated values of TEll)l. Figure shows the
performance improvement of reflection coefficient of our designed matched feed as compared to the
feed without any matching post. The performance of cross-polar pattern for the proposed matched
feed using HFSS is calculated and its pattern at 7 GHz is shown in Figure while maximum
cross-polar power for C-band is shown in Figure [6.25]

A prototype matched feed structure is fabricated and it is shown in Fig. It may be noted
that an adapter (coaxial cable to WR-137) and one transition (WR-137 to WC-128 ) are used to feed
the power to the prototype for the verification of its performances. The measured reflection coefficient
magnitude, and far-field patterns at 7, and 7.5 GHz of our matched feed are shown in Figure[6.23]

and [6.28 respectively, also compared with simulated HFSS results and close agreements are obtained.

6.4 Conjugate field radiated from a square choke excited by two

slots on a diagonal waveguide

It is found in the literature that presence of choke in front of horn can improve the radiation

characteristic of reflector. However, very limited works have been published on design of matched feed
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using the choke. In an interesting work, a multi-ring structure in front of a coaxial feed employing
appropriate multi-modes, has been designed by Koch [87] to improve the aperture efficiency and spill-
over of parabolic reflector. In another recent work, a ring choke is used to radiate the conjugate
TE), mode and central circular waveguide emits main operating mode TE};, is proposed in [10] as a
matched feed for wideband system.

In this Section, a square choke is proposed for the design of a diagonal matched feed as illustrated
in Figure For the matched feed proposed in this Section, a semi-analytical technique as specified
in Section is used to investigate the performance of a given offset reflector. It may be noted that
PO is used in this framework for the observation of reflector pattern. Analytical far-field patterns
of main operating modes (TER, TEY) of diagonal horn as found in Section are used for this
semi-analytical study. Associated modes of square choke is calculated based on 2-D FEM technique.
Normalized numerical far-field patterns of conjugate modes present at the square choke as TE3 and
TE4 (rectangular higher order coaxial modes) are calculated based on the treatment as specified in
Section Conjugate mode TE3 for TEI[{) operating mode and TE4 for TEB as the main diagonal
mode are used for obtaining the low cross-polar pattern of reflector. The mode pairs are chosen based
on our study using the semi-analytical technique developed for this purpose. The required relative
phases and mode coefficients for the chosen pair of modes at the design frequency are calculated based
on the study using PSO to ensure the low cross-polar pattern for the considered reflector. Further,
finer adjustments in matched feed design is carried out through the parametric study in HFSS and
using a proper junction. Our design is implemented based on the operating modes TEB and TE4,.
Using two identical longitudinal slots, TE4 mode is generated inside the square choke which is shown
in Figure Such kind of design has the advantage that it is very easy to maintain the wideband
conjugate matching as well as impedance bandwidth.

To the best of our knowledge, such kind of matched feed structure and associated modes of such
feed aperture have not been studied in any kind of literature. Also, the proposed matched feed
structure is simple, and it is expected that it will find widespread application in future considering its

ability to maintain the wideband conjugate matching and impedance bandwidth.
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@ (b) (d)

Figure 6.29: (a) Aperture: {a’, a, b, b’} = {26, 29, 35, 43} mm. (b) Proposed matched feed structure:
L =22 mm. (C) Slot:{Sr, Sw} = {20, 12} mm. (d) Junction between standard circular waveguide (diameter
32.512 mm) and diagonal waveguide.

6.4.1 Feed Geometry and Operated modes

The design of matched feed is carried out for J-band (5.85 — 8.2 GHz). The feed structure, which
is considered for study, is shown in Figure [6.29] It consists of mainly three parts. First part is J-
band standard circular waveguide WC-128 which is operated in circular TE}; mode to supply the
power into second part. Second part is a inner diagonal waveguide; its one side is connected with
standard circular waveguide and other side is open ended which is used to radiate the TEY mode.
Side a’ of inner diagonal waveguide as specified in Figure 629 is chosen based on the cutoff value Z;
of TEE operating mode. Side @ is chosen to be 26 mm so that the guide operates only in TE\? mode
approximately over the desired band of 5.85 to 8.2 GHz. Two identical longitudinal slots are used
to excite the third section which is basically another outer diagonal waveguide looking like a choke
as shown in Figure Such longitudinal slots are utilized to generate a higher order rectangular
coaxial mode (TE,) inside the choke. Moreover, it is found through semi-analytical study that use of
such higher order rectangular coaxial mode has the ability to suppress the cross-polar level of offset
reflector antenna. Section presents this study in detail. Main advantage of the proposed scheam
is that such kind of junction generates the relative phase of conjugate mode as required for conjugate
matching and also the desired mode coefficient of TE4 can be easily adjusted through the parametric

study by varying the slots length (S7) and width (Sy/). It may be noted that the identical slots are
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only used to generate TE4 mode in the square choke. Otherwise, other higher order modes will appear

with TE4 mode which may degrade the performance of matched feed.

Figure 6.30: Operated modes pattern.

4.5
o KI5 (FEM)
4 — KIEs (cubic interpolation)
- o K[ (FEM)
(5] .
TE - - KIE4 (cubic interpolation)
o B
x 3 R i
—
.
o
250 |
2 L L L L
1.2 14 1.6 1.8 2
b/a ratio

Figure 6.31: Cut-off of conjugate modes.

As discussed earlier, total radiated far field of matched feed is a summation of the fields of two
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modes which are excited from two separate apertures (illustrative drawing of aperture is shown in
Figure (a)). It is well known that associated modes of diagonal horn are analogous to rectangular
modes. If we consider first four modes in the analytical solution of Helmholtz equation, two groups of
degenerated modes are found. First group is {TEB, TEB} having cutoff 7; and its field distributions
are shown in Figure Second group is similar to rectangular TE{; and TM7; modes having cutoff
%ﬁ . Other aperture as specified as a square choke has the analogous modes of rectangular coaxial
cable as the solution of Helmholtz equation. Generally, exact analytical solution is not available for
such aperture. However, some approximated solutions are found in [88,89]. For the sake of accuracy,
solution of this aperture is carried out using 2-D FEM technique using the same treatment as specified
in Section First mode is a TEM mode and after that four TE modes appear according to cutoff
value in this solution. Second and third modes are odd mode having the similar pattern of rectangular
TEg; and TE1g mode, respectively. Our interest is only for conjugate matching modes which appear in
fourth (TE3) and fifth (TE4) positions and its field distributions are shown in Figure[6.30l Calculated
cutoff values using the mentioned numerical technique for such modes with respect to 3 ratios (related
to dimensions of such geometry) are plotted in Figure[6.31 Some approximated equations are derived

using cubic interpolation technique employing the cutoffs of FEM solution for such modes. The cubic

interpolated equations are given below.

b3 b2 b  5.28

TE3 __
e _0‘129 + 0.88E — 2.9$ + &
b3 b2 b 4.02

B
B = 0.045—7 —0.064— — 0.84— + ——

To observe the accuracy of our derived equations, they are compared with exact solution based on
FEM technique and comparisons are shown in Figure The derived equations are very useful to
predict cutoff values of those modes.

The dimensions of our considered feed aperture are decided based on the cutoff value of operating
modes. As mentioned, the arm’s length a’ of inner diagonal waveguide is based on the cutoff of main
operating mode. On the other hand, the dimensions a and b of square choke are chosen based on
the physical reliability as well as having the cutoff value of TE4 close to TEB mode cutoff value 7.

As we discuss, TE4 mode is generated inside the square choke by slots and it provides the required

conjugate phase in the vicinity of junction within the design band. It may be noted that a extension
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length of waveguides (L — Sp; as shown in Figure [6.29) from the end point of junctions (longitudinal
slots) are required for the stability of generated TE4 mode. To avoid the change of the relative phase
of TE4 mode for this extended length, cutoff value of TE, is fixed closed to TEB mode by the choice

of dimensions b and a. On this basis, a/, a, and b are decided for J band matched feed design.

6.4.2 Semi-analytical study to reduce the cross-polar level of offset reflector

As mentioned earlier, the performances of associated modes of proposed feed are investigated
using a semi-analytical technique. This technique is developed based on the PO to investigate the
reflector pattern and multi-mode approximated feed pattern are used as a source for reflector. Here,
feed pattern is considered as the combination of analytical and numerical far-field patterns of the
associated modes of specified apertures. The closed-form expressions for the analytical mode field
patterns of main operating modes TE\D, and TE}DI of center diagonal waveguide are given in Section
The conjugate mode patterns of specified TE3 and TE4 modes which get radiated from square
choke are calculated based on the numerical technique as given in Section [3.2]

Generally, most crucial planes to observe the cross-polar level of secondary pattern are at ¢ =
{45°, 90°} for matched and unmatched cases, respectively. However, the cross-polar levels have been
investigated for ¢ = {0°, 5%, 10°, ........ 175°}. It may be noted that power balance of far-field pattern
of feed is maintained and 1 W power is considered while investigating the reflector pattern in this
semi-analytical study.

The cross-polar performance of reflector for main operating mode TEB for a considered offset
reflector having diameter 1.3 m, focal length 1 m and offset height 0.12 m is investigated at 7.5 GHz
using our developed semi-analytical technique and its cross-polar level is specified in Table as
well as its cross-polar patterns are shown in Figure To verify the developed code, TEE mode
performance is investigated for same reflector using HFSS-15 and the obtained results are compared
with the results of our semi-analytical technique which is shown in Figure As expected, almost
similar results are found for both cases. It may be pointed out that 3D-FEM and PO are used in
HFSS-15 to evaluate the feed pattern and reflector pattern, respectively. To suppress the high level of
cross-polar power, TEs mode is used with the specified main operating mode and PSO optimization
technique is used to estimate the required mode coefficient and relative phase of conjugate mode.

Significant improvement of cross-polar levels are found and their values and required mode coefficients
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are presented in Table

Table 6.7: Cross-polar performance of y polarized unmatched and matched feed and its mode coefficients at
7.5 GHz.

Cross-polar power

Mode TER TE; 0 907

Case 1: 14— - —26.1 dB —22.85 dB

Case 2: 0.9417£0° 0.33652—89.33°| —38.62 dB —43.12 dB
—— Co-pol at $=0° (analytical) % Co-pol at $=0° (HFSS-PO)

— — ~Co—pol at <|>=90O (analytical) * Co-pol at ¢:90° (HFSS-PO)
— — Cross—pol at ¢=45° (analytical)] © Cross—pol at <1>:450 (HFSS-PO)
------ Cross—pol at $=90° (analytical)) v Cross—pol at $=90° (HFSS-PO)

Figure 6.32: Cross-polar performance of y polarized unmatched feed at 7.5 GHz.

Similarly, « polarized main operating TEB mode is studied for same reflector using the developed
semi-analytical technique as well as HFSS-15. The obtained patterns for both cases are presented in
Figure and close agreements are found. Also, the cross-polar levels are presented in Table
As mentioned, TE4 mode is used to cancel the cross-polar power of considered reflector for the main
operating TE\? mode. The estimation of required conjugate mode coefficient and its relative phase
are given in Table which are calculated by PSO technique. For this case, the optimum cross polar

levels are specified in Table The obtained cross-polar patterns are shown in Figure [6.34l

Table 6.8: Cross polar performance of = polarized unmatched and matched feed and its mode coefficients at
7.5 GHz.

Cross-polar power

D

Mode TEy TE,4 15 90°

Case 3: 14— - —26.53 dB —23.24 dB
Case 4: 0.873520° 0.4868/—91.9° | —42.68 dB | —44.24 dB

119



6. Design of Novel Matched Feed Structures

— Co-pol at <]>:00 (analytical) X Co-pol at q):O0 (HFSS-PO)

~—~ ~Co—pol at (1):900 (analytical) * Co—pol at <])=90O (HFSS-PO)

— — Cross—pol at (1>=45O (analytical] © Cross—pol at (]>:450 (HFSS-PO)
"""" Cross—pol at ¢:90° (analytical] v  Cross—pol at ¢:90° (HFSS-PO)

Figure 6.33: Cross-polar performance of x polarized unmatched feed at 7.5 GHz.

—— Co-pol at ¢=0 (analytical) * Co-pol at ¢=0° (HFSS-PO)
-~ ~ Co-pol at $=90° (analytical) * Co-pol at $=90° (HFSS-PO)
~ — Cross—pol at =45 (analytical) © Cross—pol at =45 (HFSS-PO)
"""" Cross—pol at <1):900 (analytical ‘ v ‘Cros‘s—pol‘at ¢=900 (HFSSTPO)

60

Figure 6.34: Optimum cross-polar level of ideal matched feed (analytical) and our proposed structure (HFSS)
at 7.5 GHz.
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As observed, the cross-polar performances at secondary pattern of the both cases TEE + TE3 and
TEB + TE4 are quite similar. But, for practical realization of matched feed, the TE4 mode at the
square choke can be easily generated using the primary source of diagonal TEB mode. Moreover, our
proposed structure as discussed in Section has the ability to maintain the required relative phase

as well as impedance matching for wideband of frequencies.

6.4.3 Final Simulation and Measured Results

The preliminary design of the feed is carried out using semi-analytical technique described in the
previous section while fine tuning of the feed parameters are carried performing parametric study in
HFSS-15. As discussed, two symmetric longitudinal slots as illustrated in Figure are used to
generate TE4 mode. Slot length (Sz) and width (Sy) are fixed on the basis of adjusting conjugate
mode coefficient as specified in Table at the design frequency. Simultaneously, the waveguide
length (L) is decided to adjust the relative phase of conjugate mode of our proposed matched feed.
Finally, a fine tuning on crucial parameters (L, S, Sw) of feed is carried out using HFSS-15 to obtain
proper matching with the reflector. The process of fine tuning involves varying the crucial dimensions
which effect the cross polar performance of the reflector so as to obtain lowest cross polar power at
the design frequency. While carrying out the fine tuning using HFSS-15. Feed pattern is evaluated
using 3D FEM and reflector pattern using PO module.

After fine tuning, the adjusted feed dimensions are shown in Figure [6.29. The cross-polar per-
formance of our proposed matched feed structure is shown in Figure [6.34l It can be seen that the
patterns computed using our semi analytical technique match with the patterns obtained using HFSS.
The adjusted mode ratio and relative phase of TE4 mode at the feed aperture are given in Figure
6.35]

A prototype matched feed structure is fabricated and it is shown in Fig. It may be noted
that an adapter (coaxial cable to WR~137) and one transition (WR-137 to WC-128 ) are used to feed
the power to the prototype for the verification of its performances.

Fig. presents the simulated and measured magnitude of reflection coeflicient of the matched
feed. A close match is observed between them. The simulated cross-polar performance of the reflector
antenna system for unmatched and matched conditions are shown in Fig

The measured result of co-polar and cross-polar patterns of the matched feed at the selective planes
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Figure 6.35: Adjusted mode ratio and relative phase of TE4 mode of our proposed matched feed.

Figure 6.36: A figure of prototype matched feed structure during the measurement of far field patterns at
anechoic chamber.
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—— Maximum cross—polar level of unmatched feed

—&— Maximum cross—polar level of matched feed

—e— Reflection coefficient magnitude—matched feed (HFSS)

- = = Reflection coefficient magnitude—matched feed (Measured)
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Figure 6.37: Cross-polar and impedance bandwidth of our proposed matched feed.

—*— Simulated co—pol at q):oo ----- Measured co—pol at ¢=900
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Figure 6.38: Normalized simulated and measured co-pol and cross-pol level at 7 GHz.
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—— Simulated co—-pol at $=0° | = = = Measured co-pol at ¢=90°
— Measured co—pol at (]):00 —&— Simulated cross—pol at ¢:90°
—©— Simulated co-pol at ¢:9o° """ Measured cross—pol at (1):900

-100 =50 0 50 100
Theta

Figure 6.39: Normalized simulated and measured co-pol and cross-pol level at 7.5 GHz.
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Figure 6.40: Normalized simulated and measured co-pol and cross-pol level at 8 GHz.
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6.5 Conclusion

Table 6.9: Simulated and measured gain of our proposed matched feed.

Frequency in GHz | 7 7.25 7.5 7.75 8
Simulated gain 8.7 dBi 9.1 dBi 8.1 dBi 9.7 dBi 9.7 dBi
Measured gain 7.5 dBi 9.4 dBi 8.5 dBi 9.1 dBi 9.6 dBi

are compared with simulated results of HFSS at the frequency 7, 7.5 and 8 GHz, respectively as shown
in Fig. 638 6.39], As expected, simulated and measured far field patterns agree quite satisfac-
torily with each other for the considered test frequencies. Also, the measured and simulated gains of
our proposed matched feed for several frequencies are compared in Table and close agreements are

obtained.

6.5 Conclusion

In this chapter, four novel matched feed structures have been proposed to remove the depolar-
ization effect on an offset reflector. The basis of the design of such matched feed structures and the
performance results as obtained through analytical and simulation studies are summarized below:

In the first feed structure, a dual mode smooth walled rectangular matched feed involving TEg;
and TM71 modes have been presented in detail. The design of such feeds has not been dealt adequately
in the available literature. The cross-polar performance of this dual mode horn as a matched feed for
an offset reflector antenna has been evaluated both analytically as well through the simulation of the
entire antenna system in HFSS. A —30 dB cross polar bandwidth of 130 MHz has been achieved at
the design frequency of 6 GHz. The proposed feed structure is simple and it maintains good return
loss performance over a wide band of frequencies.

In the second feed structure, a novel dual mode non-regular shape matched feed using TEs and
TM; modes has been presented in detail. Design of such kind of feed aperture and its associated
modes have not been dealt in the literature. The cross-polar performance has been investigated using
semi-analytical technique and through HFSS/CST Microwave Studio simulation, and the results are in
close agreement. Our proposed feed exhibits wideband characteristics since difference between cutoff
wave number of TEs and TM; mode is kept less at the feed aperture. Final simulations are carried
out using HFSS and a —30 dB cross-polar bandwidth of 545 MHz (8.79% fractional bandwidth) has

been achieved.
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In the third feed structure, a y polarized diagonal matched feed to suppress the depolarization
effect of an offset reflector has been introduced. Such associated diagonal modes for the design of
matched feed has not been addressed in the literature. Analytical models have been developed for
matched feed design and performance enhancement is carried out using HFSS. In conventional design
of matched feed, use of shorting post degrades return loss performance, while in our design of this
diagonal feed, return loss improves with use of post. The proposed feed geometry can provide wide
impedance as well as cross-polar bandwidth.

In the Fourth feed structure, a novel dual mode matched feed has been investigated for an offset re-
flector antenna to achieve the wide-band impedance and cross-polar bandwidth. Presented conjugate
modes (TE3, TE,) associated with square choke of proposed matched feed to reduce the cross-polar
power of an offset reflector antenna induced by main operating diagonal modes TEY and TEB, re-
spectively have not been reported in any earlier study. Further, a practical feed realization has been
carried out on the basis of operating modes TE\D, and TE, for a given dimensions of an offset reflector
antenna. Moreover, the main mode and the conjugate mode have been kept spatially separated so that
they can be adjusted individually to achieve overall wide-band system design. It has been observed
that required relative phase of TE4 mode of our proposed matched feed could be easily maintained
for wide-band conjugate matching. On the other hand, the required amount of TE4 mode could be
easily adjusted by varying the length and width of slots. Moreover, generation amount of TE, mode
does not effect on impedance matching. Such characteristics are always desirable for a good matched

feed.

126



Summary and Future Work

Contents
7.1 Summary of Contribution . . ... ... ... .. ... 000 128
7.2 Suggestions for Future Research . ... ... ... .............. 129

127



7. Summary and Future Work

In this chapter, the summary of the works is presented and conclusions are drawn. Possible

directions of extending some of these works are also discussed in the chapter.

7.1

Summary of Contribution

In this sub-section, the main contributions of the thesis are summarized as follows:

(A)

Development of a hybrid numerical technique to investigate the patterns of an offset
reflector and its feed: A hybrid method having low computational complexity has been
developed using a combination of MM /2D-FEM/MoM techniques to study the performance of
feeds which have been addressed in Chapter 2, Chapter 3 and Chapter 4. Finally, this numerically
calculated feed pattern has been used to excite the reflector. The PO has been used for such
large scatterer (reflector) to observe the reflector patterns which has been properly addressed in
Chapter 5. The major issues which have been considered during the development of this hybrid

technique and have been appropriately addressed in this thesis, are mentioned below:

(a) The closed form expressions of reaction matrix for different waveguide junctions for appli-

cation of mode matching technique have been formulated.

(b) The presence of discontinuities inside the waveguide have been investigated using the com-

bination of MM and 2D-FEM techniques.

(c¢) The open ended wave guide problem having finite ground plane has been formulated and
solved using Kirchhoff-Huygen’s principle based on 2D-MoM technique employing RWG

function.

(d) The PO based technique to evaluate the reflector pattern has been developed.

Development of analytical and semi-analytical techniques and their application in
the design of matched feed: Analytical feed pattern of multi-mode horn has been calculated
using the available analytical solution of Helmholtz equation. When an aperture contains a non-
regular geometry or a regular geometry for which analytical solution of Helmholtz equation are
not available, a numerical technique 2D-FEM has been used for the solution of mode fields and
cutoff values. For such cases, radiation patterns of multi-mode horn have been calculated using

numerical integration (barycentric subdivision four points) using the calculated mode fields and
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cutoff values based on 2D-FEM technique. PO has been used to evaluate the reflector patterns,
analytical or semi-analytical multi-mode feed pattern has been used to excite the reflector and
PSO technique has been used for the estimation of required mode ratio and relative phase of

conjugate mode to obtain the low cross-polar secondary pattern at the design frequency.

(C) Proposed several novel matched feed structures to achieve the wideband character-
istics: Several novel matched feed structures have been proposed to eliminate the depolarization
effects of offset reflector. Mostly, these have been introduced in the Chapter 5 and Chapter 6 of

the thesis.

(a) A tri-mode (TE}, + TE3, + TM},) circular matched feed using stepped junctions has been
proposed for wideband operation and its performance has been investigated using the de-

veloped hybrid technique.

(b) A smooth walled rectangular matched feed operated with TEg; +TM;j; modes using shifted

waveguide has been proposed and its performance has been reported in this thesis.

(c) A new kind of aperture which is an intersection of circular and rectangular surfaces, is used
for wideband dual mode matched feed design where both operated modes have close cutoff
frequencies. In this design, an z-polarized TE mode is used as the main operating mode

and a TM mode as the conjugate mode.

(d) A diagonal matched feed structure using a post has been designed for the wideband on the

basis of operated modes TER and TED .

(e) An appropriate conjugate field radiated from a square choke excited by two slots on a
diagonal waveguide using the main operating mode TE% has been proposed as a conjugate

matched feed.

7.2 Suggestions for Future Research

Although in this thesis, efforts have been made to investigate the various aspects of matched feed
design as exhaustively as possible, still there are many issues which could be investigated further and
there exist a lot of scope for further extension of the works reported in this thesis. Some possible

directions in which the present work can be extended are outlined below:
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7. Summary and Future Work

(a)

In this thesis, attempts have been made to eliminate the depolarization effect of offset reflector
using a single multi-mode feed horn. More degrees of freedom is available if muti-mode antenna
array is used as matched feed. However, antenna array as a feed will increase the complexity of
the system and the amount of computation that will be needed to analyze, model and design
will be very high. Cross polar reduction through proper design of multi-mode feed array by

developing techniques which are computationally less demanding can be a challenging work.

As discussed, an efficient hybrid model for feed and reflector using MM /2D-FEM /MoM/PO has
been developed to study the performance of a complete system. However, matched feed design
has been carried out using manual intervention by fine tuning and through the parametric study
to adjust the required mode ratio, and relative phase of conjugate mode in the feed aperture.
Parametric study as well as fine tuning through manual intervention can be avoided using the
developed methodology for the matched feed design combining proper probabilistic optimization
technique along with MM /2D-FEM/MOM /PO technique. This work can be completed to realize

an automated system.

Investigations can be continued to find new matched feed geometries supporting multiple modes

which do not involve complicated geometries and also do not occupy much space.
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8. Appendix

8.1 Appendix A

The block matrix calculation of equation numbers (2.23)), (2.24), (2.25]) and ([225)) are given below:
—1

—[4] [1] o e _ [ X ]
1B] (0] 1] - D] 2] (W]

o © ) _ (- m [ &) FAX 2 [FAY + W]
1 - (D] 1B [0] 2] (W] [BX] [BY]
~[4] [1] 1 o e ) _[ B [-B7'D]

[B] 0] 1] —[D] [AB~] [C—AB~'D]

8.2 Appendix B

Surface integration of triangle:

A, Ay Ay
Ul = —, U= —p, U3= —p

A A A

up +Fug+uz=1

/ / o(r)ds = 24 /0 1 /0 T [t (1 = 5) + (s = 75) + raldurdus

// AT ds — I'm!n!2!A
LA U+ m4n+2)!

8.3 Appendix C

Global C and T matrix generation:

First step is to generate the local C™ and T™ matrix using equation [B.11] and B.12] by considering
the variation of ¢ as 15% order polynomial for every element (n). As per the consideration of mesh

surface in Figure Bl scaler function ¢ can be written as ¢ = [(ﬁ} (bf, qﬁg (bf,], where (b} is only one

free node. Since, C"™ and T" are symmetric matrix as a result global C and T are also be symmetric

matrix. The coefficients of global C and T are given below:
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'

Figure 8.1: Discretization of a homogenous solution.
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