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It is known that the 1-18 GHz Double Ridge Guide Horn (DRGH) antenna is highly
sensitive to tolerances in manufacturing. Since a typical DRGH antenna is constructed
from a number of individual parts, tolerances in the machining, even when numerically
controlled, and errors in the assembly can easily lead to gaps between subsections.
Performance deviations, most notably resonances in the boresight gain and VSWR was
observed in a number of manufactured 1-18 GHz DRGH antennas. The exact cause of the
performance deviations had to be determined in order to identify which sections of the
antenna need to be redesigned in such a way that the effects of the manufacturing and
assembling tolerances on the performance of typical mass produced DRGH antennas are
reduced or eliminated. It was hypothesised that gaps most notable in the waveguide
launcher section and especially the coaxial feeding section is the cause of the sharp
resonance effects. This hypothesis was confirmed during the study. A highly accurate
Method of Moments (MoM) numerical model of the 1-18 GHz DRGH antenna was
developed, gaps were then implemented in between various parts of the model and the
results observed. Based on these results a new improved 1-18 GHz DRGH antenna was

designed with reduced sensitivity to manufacturing tolerances and improved performance.
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Dit is alombekend dat die 1-18 GHz Dubbel Rif Golfleier Horing (DRGH) antenna baie
sensitief is vir vervaardigings toleransies. 'n Tipiese DRGH antenna bestaan uit verskeie
individuele onderdele. Toleransies in vervaardiging, selfs al word die proses numeries
beheer, kan dus lei tot spasies tussen verskillende dele. Die waarneming van verswakte
werkverrigting, meer spesifiek resonansies in die wins en Spannings Staande Golf
Verhouding (SSGV) by 'n aantal vervaardigde 1-18 GHz DRGH antennes het gelei tot
verdere studie. Om die 1-18 GHz ontwerp minder sensitief te maak ten opsigte van
toleransies, moes die presiese oorsaak van die verswakte werkverrigting bepaal word. Aan
die begin van die studie was die vermoede dat spasies in veral die golfleierlanseerder en
meer spesifiek die koaksiale voer seksie, die oorsaak is van die resonansies. Die hipotese is
in die daaropvolgende ondersoek bevestig. 'n Hoogs akkurate Metode van Momente
(MvM) numeriese model is vir die 1-18 GHz DRGH antenna ontwikkel. Spasies is tussen
verskeie parte van die model ge-inkorporeer en die resultate is ondersoek. 'n Nuwe
verbeterde 1-18 GHz DRGH antenna op die ondersoek gebaseer, is ontwikkel. Die antenna
het verminderde sensitiwiteit ten opsigte van vervaardigings toleransies sowel as

verbeterde werkverrigting.
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CHAPTER 1 INTRODUCTION

1.1. Introduction

In this chapter an introduction to the study is provided. The background and motivation for
the study are discussed in Section 1.2. Section 1.3 outlines the scope and objectives of the
study. A short summary is presented on the original contributions made by the study in
Section 1.4. The layout of the dissertation is briefly summarised in Section 1.5.

1.2. Background and motivation

Horn antennas have been in widespread use since the late 1950s. This type of antenna has a
number of desirable characteristics such as high directive gain, low sidelobes, efficient
power handling and easy excitation [1 - 3]. Applications include ElectroMagnetic
Compatibility (EMC) testing, as gain standards and source antennas in measurement
facilities and as part of Electronic Warfare (EW), radar and communications systems. In
the 1970s ridges were incorporated into the design of the basic pyramidal horn [4] to
reduce the cut-off frequency of the fundamental mode and thus increase the Maximum
Usable Bandwidth (MUB) to typically 12:1.

Originally Radio Frequency (RF) network theory was used to design the Double Ridge
Guide Horn (DRGH) antenna. Methods such as the transverse resonance [4 - 7] and Mode
Matching (MM) method [8 - 11] are based on circuit and waveguide theory and are semi-
analytical methods that require a number of simplifying assumptions. The design of the
coaxial waveguide launcher had to be done by experimentation [4, 12]. Even the profile of
the ridges was determined more effectively through experimentation. Since then the
increase in computational power has made it possible to use numerical methods such as
Method of Moments (MoM), Finite Element Method (FEM) and Finite Difference Time
Domain (FDTD) techniques to analyse and design DRGH antennas over a broad band [1,
2,13].

The traditional 1-18 GHz DRGH antenna was adapted from designs by Kerr for a 1-12
GHz horn [12]. The 1-18 GHz DRGH antenna is used extensively in antenna and

ElectroMagnetic Interference/Electromagnetic Compatibility (EMI/EMC) measurement.
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MIL-STD-461F specifies this antenna for emissions and immunity testing in the 1-18 GHz
frequency range [14]. A well-behaved antenna pattern is an absolute necessity for antenna
measurement as well as EMI/EMC testing. Using numerical methods it was recently
shown that the pattern of this antenna deteriorates in the frequency band above 12 GHz, [1,
2, 15] due to the presence of higher order modes. The main beam splits into four large side
lobes and the boresight gain is reduced by approximately 6 dB at 18 GHz.

A number of studies followed to further analyse and address the pattern deterioration
problem [16 - 18]. Subsequently a new improved design that produces a single main beam
across the band was developed [3, 16, 18]. The waveguide adaptor section was redesigned
and mode suppression fins included. The dielectric sidewalls were removed. The E-plane
flares’ outline was changed to reduce edge diffractions. The ridges were redesigned to
provide a better aperture match. The antenna was also scaled to be slightly smaller, in
order to shift the appearance of higher order modes to higher out of band frequencies.
These design improvements were also implemented for the 200 MHz-2 GHz and 18-40
GHz DRGH antennas [19, 20].

Sensitivity studies were also performed as part of the redesign and analysis effort [16, 17].
The effects of ridge separation at the launching section of the traditional 1-18 GHz DRGH,
the position of the feeding probe and the radius of the probe are presented in [16]. In [17]
the effects of probe position, cavity height, probe diameter and ridge curvature was
investigated for a 1-14 GHz DRGH antenna. The studies mentioned above all made use of

commercial numerical solvers such as FEKO, CST and HFSS.

Tolerances in fabrication and assembly of wideband DRGH antennas were problematic
issues right from the start. In 1964 Walton and Sundberg writes one of the most influential
papers on design of DRGH antennas, and mention that unless extreme care is taken in the
fabrication process, results can be disappointing [4]. Since a typical DRGH antenna is
constructed from a number of individual parts, tolerances in the machining, even when
numerically controlled, and errors in the assembly can easily lead to gaps between
subsections. In the same studies that first revealed the pattern deterioration, it was
mentioned that the inclusion of gaps in the bottom of the cavity as well as the flaps of the

numerical model gave more accurate results at certain frequencies [1, 2, 15]. How the gaps
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were implemented was not described nor was the effect of the gaps completely
characterised. In the study that first introduced the new improved 1-18 GHz DRGH
antenna, it is assumed that gaps in the assembly led to discrepancies between measured and
simulated boresight gain values [18]. No further investigations were done to confirm this

hypothesis.

These effects were found to be especially pronounced during the production of a number of
DRGH antennas where a high degree of repeatability is necessary. Performance deviations,
most notably resonances in the boresight gain, were observed in a number of manufactured
1-18 GHz DRGH antennas. Performance deterioration was also observed in the VSWR
whereas the known pattern deterioration problem above 12 GHz typically seen in this type
of antenna is only observed in the patterns and boresight gain. Some of the antennas were
disassembled and reassembled a number of times. In the process the gain dips would shift
in frequency or disappear, the cause being unknown. With a lot of effort a number of
antennas could be produced that had no deep resonances. The performance was still far
from desirable with a fair amount of gain variation between production antennas,

especially in the vicinity of 14 GHz.

The observations made during the manufacture of 1-18 GHz DRGH antennas prompted
further research and investigation into which parts of the antenna need to be tightly
controlled in order to achieve the desired results. Simply machining all the antenna parts to
the tightest tolerance of 0.05 mm is costly and still does not ensure adequate performance.
The antenna needs to be designed and assembled in such a way as to minimise
manufacturing tolerances and improve repeatability. This is true for both the traditional
and new 1-18 GHz DRGH antenna designs. It was found during construction that the
cavity and feeding section is especially sensitive. Loosening of the grub screws holding the
coaxial feeding section in place or replacement of the feeding section affected the
performance of the on-axis gain dramatically. In order to further investigate and
characterise the effect of gaps on antenna performance, a highly detailed broadband model
of the horn antenna had to be implemented in a numerical software package. Since the gaps
are of the order magnitude 0.5 - 0.05 mm, the model had to be very accurate.

Department of Electrical, Electronic and Computer Engineering 3
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Chapter 1 Introduction

1.3. Scope and objectives

As mentioned in the previous section, performance deviations, most notably resonances in
the boresight gain and VSWR were observed in a number of manufactured 1-18 GHz
DRGH antennas. The exact cause of the performance deviations had to be determined in
order to identify which sections of the antenna need to be redesigned in such a way that the
effects of the manufacturing and assembling tolerances on the performance of typical mass
produced DRGH antennas are reduced and or eliminated. To this end the following

detailed objectives is defined below:

Development of numerical model:A highly accurate, fully parametric numerical model

of the 1-18 GHz DRGH antenna had to be developed. Due to small tolerances and known
sensitivity an investigation that only relied on experimentation would not be able to
determine the exact cause and effect of specific mechanical defects. It was for instance
observed that measured performance results varied significantly just by reassembling the
antenna. In a numerical model gaps or mechanical defects are created in one location only

and thus a cause-effect relationship could be established.

Implementation of gaps in numerical model: Gaps were implemented in the
electromagnetic model in the following sections: the waveguide launcher/adapter, flared
waveguide and most notably the feeding section. In practice the gaps formed when the
antenna is incorrectly assembled or assembled from parts with excessive tolerances, would
not be as precise and perfect as with the gaps implemented in a numerical model. The
effect of the gaps can, however, still be characterised and compared to typical measured

data.

Identification of sensitive areas: The electromagnetic interactions inside the DRGH
antenna are very complicated and it is assumed that there is interaction between various
mechanical defects. The goal of this study was, however, not to provide a complete
characterisation of these interaction effects, but rather to localise the most sensitive areas
of the DRGH antenna. Therefore each type of gap was only evaluated on its own and not in
the presence of other types of gaps. Based on observed results it was hypothesised that the

main source of performance deviations, most notably resonances in gain and VSWR, is the

Department of Electrical, Electronic and Computer Engineering 4
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coaxial feeding section and this section’s interface with the ridges. This hypothesis was

confirmed during the study.

New improved design: Using the knowledge gained in this study a redesigned 1-18

DRGH antenna was designed. The goal was to provide a design that would reduce the
possibility of gaps by having fewer parts and redesigning parts were necessary. A
secondary goal was to improve performance from the current state-of-the-art design

without pattern breakup.

1.4. Original contributions

Improved numerical model with dielectric material: As part of this study a highly
accurate, fully parametric numerical model of the 1-18 GHz antenna that includes a coaxial
feed and connector was developed. The dimensions for the electromagnetic model were
obtained from a Solid Works model of the antenna. The electromagnetic model includes
dielectric materials for the N-type connector. The effect of dielectric sidewalls on the
performance of the antenna was also simulated. Previous simulations did not include
dielectric materials for the connector and no results were presented for simulations with
and without dielectric sidewalls. With this model it is shown how accuracy can be
improved by including dielectric materials. The model also uses a waveguide feed, which
is an improvement on other models that used less accurate feeding methods. Comparison

with measured data shows excellent agreement with the numerical model.

Comprehensive investigation of manufacturing tolerances, specifically gapsA

number of sensitivity studies have been done on the 1-18 GHz DRGH antenna [1, 2, 15 -
17]. It is important to note that most of these studies focussed on the sensitivity of the
antenna with regard to slight variations in the dimensions of the various parts. The focus of
the present study is on performance deterioration due to gaps formed between parts,
because of manufacturing tolerances. In the same studies that revealed the pattern
deterioration problem of the traditional 1-18 GHz DRGH antenna, it was also mentioned
that the inclusion of gaps in the order of 0.5 - 0.05 mm in the bottom of the cavity as well
as the flaps of the numerical model gave more accurate results [1, 2, 15]. It is mentioned

that increased accuracy was only obtained for certain frequencies and not across the entire
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band when including the gaps. How the gaps were implemented was not described nor was
the effect of the gaps completely characterised. This dissertation provides a comprehensive

investigation on the effects of gaps on the performance of the 1-18 GHz DRGH antenna.

Causal relationship between gaps and resonance effects: The exact cause of the

performance deviations, most notably resonances in gain and VSWR, of mass produced
DRGH antennas was unknown. This study clearly shows how gaps due to manufacturing
tolerances can cause performance variations. The most important cause-effect relationship
established is that gaps between the coaxial feeding section and this section’s interface

with the ridges causes resonances in gain and VSWR.

Knowledge for design and fault finding: Using the results in this study design engineers

will be able to design 1-18 GHz DRGH antennas that are easier to manufacture with
improved repeatability. Furthermore, in the event that an antenna does have reduced
performance, the information provided can be used to identify the problem and replace

only the defective part or assembly causing the variance.

New improved design: Using the knowledge gained in this study a redesigned 1-18
DRGH antenna is presented with improved performance, easier construction and reduced
sensitivity to manufacturing tolerances. This antenna’s low and high band gain
performance as well as VSWR is also improved from the current state of the art 1-18 GHz
DRGH antennas.

1.5. Overview of the dissertation

The structure of the dissertation is as follows:

Chapter 2: In this chapter a literature study presents the development of the DRGH in
detail. The focus is specifically on the current state of the art for the design and
manufacture of DRGH antennas and specifically the 1-18 GHz DRGH antenna. The
development of the antenna is firstly discussed with regard to the design tools used to
design and analyse these antennas. Then every section of the antenna is defined and

described so as to provide the required background and insight needed to evaluate the rest

Department of Electrical, Electronic and Computer Engineering 6
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of the dissertation. The performance deviations and pattern deterioration of the traditional
1-18 GHz DRGH antenna design is evaluated. Then the design improvements made in the
current state of the art 1-18 GHz DRGH antenna is summarised. Finally studies related to

the sensitivity of the 1-18 GHz DRGH antenna are discussed.

Chapter 3: Thedevelopment of the 1-18 GHz DRGH antenna numerical model, used in
this dissertation, is described in this chapter. This model was implemented in FEKO and
contains a number of improvements over current models. A comparison between measured
and simulated results show excellent agreement after the improvements in the model was

implemented.

Chapter 4: A detailed description of the mechanical defects implemented in the basic
numerical model is presented in this chapter. The typical defects observed in the
manufacture of this antenna type are discussed as well as possible origins of the defects.
The simulated results for the numerical model with the implemented mechanical defects
are then presented and the effects of the defects on the performance of the antenna
characterised. These results are compared to typical measured results and a number of

observations are made with regard to which areas are the most sensitive to tolerances.

Chapter 5: In this chapter a number of design improvements in the manufacture and
assembly procedures are suggested to improve accuracy and repeatability of the
manufacturing process. The results of the characterisation can also be used for fault finding
procedures when an antenna does not meet the required performance criteria. A method to
correct performance loss due to mechanical defects of already manufactured DRGH
antennas is discussed. A redesigned 1-18 DRGH antenna is presented with improved

performance, easier construction and reduced sensitivity to manufacturing tolerances.

Chapter 6: The dissertation is concluded in this chapter. A summary of the contribution

made by this dissertation is given as well as suggestions for future work.

Department of Electrical, Electronic and Computer Engineering 7
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CHAPTER 2 BACKGROUND OF DRGH ANTENNA
DEVELOPMENT

2.1. Introduction

This chapter presents detailed background information on the development of the Double
Ridge Guide Horn (DRGH) antenna. A short introduction to the background of the DRGH
antenna is given in Section 2.2. The development of DRGH antennas is then discussed
with regard to the tools used to design and analyse these antennas in Section 2.3. The
limitations of these tools with regard to time, accuracy and computational resources are
discussed. The basic horn antenna can be divided into two subsections; the coax to
waveguide launcher/adapter and the flared waveguide section. These sections are described
in detail along with the subsections they comprise of in Section 2.4. In Section 2.5 the
typical performance as well as problems with regard to the performance of these antennas
are presented. Section 2.6 present a summary of the problems related to the construction,
assembly and sensitivity of the antenna. This section forms the background for the rest of
the dissertation. The focus being on understanding what parts of the antenna is sensitive to
errors in the assembly and or design of the practical implemented antenna. Finally, in

Section 2.7, the chapter is summarised.

2.2. Background of the DRGH antenna

Typical types of horns include standard horns (which could be sectoral or pyramidal
horns), conical horns, corrugated, quad [21, 22] and DRGH antennas. The focus of this
dissertation is on DRGH horns and specifically the 1-18 GHz implementation. However,

the results can be extended to other types of DRGH antennas.

The DRGH antenna has developed over a number of years from the standard rectangular
pyramidal horn antenna (see Figure 2.1). The DRGH antenna has a number of
characteristics such as high directive gain, low sidelobes, efficient power handling and
easy excitation that has led to widespread use. Applications include ElectroMagnetic
Compatibility (EMC) testing, as gain standards and source antennas in measurement

facilities and as part of Electronic Warfare (EW), radar and communications systems.
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Various types of DRGH antennas are in use today, depending on performance and
especially bandwidth. For emissions and immunity testing the 200 MHz - 2 GHz DRGH
antenna is specified by MIL-STD-461F for the 200 MHz - 1 GHz range and the 1-18 GHz
DRGH antenna for the 1-18 GHz range [14].

Coaxial to waveguide adapter

Flared waveguide

Ridges

Coaxial connector

(Typically N-type or SMA)

Figure 2.1 .Standard rectangular pyramidal horn antenna (left), DRGH antenna (right).

Figure 2.2 shows the traditional 1-18 GHz DRGH antenna based on the Kerr design. This
antenna is especially popular since its broad bandwidth allows measurement over a large

frequency range without adjustment to the measurement setup.

Figure 2.2 Traditional 1-18 GHz DRGH antenna based on Kerr design and specified by MIL-STD-
461F for the 1-18 GHz measurement range [14].

Department of Electrical, Electronic and Computer Engineering 9
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Chapter 2 Background of DRGH antenna development

2.3. Methods of design and analysis

Historically the basic design of horn antennas was done using analytical and semi-
analytical methods such as the aperture, transverse resonance [4 - 7] and mode matching [8
- 11] methods. Due to the limitations of these methods the DRGH antenna mostly had to be
designed by experimentation [4, 12]. More recently with the advent of computers the
design and analysis of this type of antenna is done almost exclusively with numerical
approximations to Maxwell's equations. Initial implementations were limited to very
simple problems using methods such as the UTD (Uniform Theory of Diffraction) [23] and
2D formulations of the MoM (Method of Moments) [24]. The astonishing increase in
computational power and improvement in the numerical techniques have led to the
development of powerful commercially available electromagnetic software packages such
as FEKO, CST and HFSS. In the following sections the design of horn antennas with these
various methods is discussed. This gives detailed background information related to the

current model implementation of the traditional 1-18 GHz DRGH antenna.

2.3.1. Analytical and semi-analytical methods

Maxwell's equations describe the interaction and behaviour of electromagnetic fields. The
solution to these equations is, however, quite complex and exact analytic solutions exist for
only a small number of simple problems. Before the advent of computers, complex antenna
problems had to be reduced to problems that could be analysed with analytical or semi-
analytical methods. Thus, although the method used to analyse the problem might be exact

(or nearly exact), usually the problem is simplified.

2.3.1.1Transverse resonance method

As was discussed previously ridges can be used in rectangular waveguide to lower the
cutoff frequency of the fundamental mode and increase the Maximum Usable Bandwidth
(MUB). A single, double or quad ridge can be used. If dual polarisation is required with
one antenna, quad ridges are used. For single polarised horn antennas the double ridge

geometry is used. The transverse resonance method is a semi-analytical method used to
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calculate the cutoff frequency of the modes, the impedance and attenuation in double
ridged waveguide [5 - 7]. This method approximates the double ridged structure with a
circuit model that includes capacitative susceptances for the effect of the fringing field
from the step discontinuity formed by the ridge edges and for the capacitative effect of the
gap between the ridges and the gap between the waveguide next to the ridges. Figure 2.3
shows the double ridged waveguide cross section geometry and the equivalent circuit
model.

¢ D B Yo1 Yo2 Yo1

A 4

[

A 'I

A

Figure 2.3Ridged waveguide and equivalent circuit.

Equations were given in [5] and [6] for the cutoff frequency of varioug odes as well
as the characteristic impedance of the double ridged waveguide at a specific frequency.

The equations for the cutoff fiwavelength of the Tf modes can be seen below [1 - 4]:

B tang, —cotg + B =0 O
D You
B cotd, +cotf, - B - 0 2
D You
360 A-S
O =—|—— degrees 3
) ( > j g ©)
360( S
6,=—1|— degrees 4
) (2) g 4)
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Chapter 2 Background of DRGH antenna development

The notation as used in [4] was followed with A - the waveguide width, B - the waveguide
height, D - the ridge gap and S - the ridge width. The waveguide dimensions used in
equations (1)-(4) are shown in Figure 2.3. Equation (1) is used for the ggchdées and
equation (2) for the even modes. Th% term models the step discontinuity on both
sides of the ridges and approximations for this term can be found in [25, 26]. The
approximation for double ridged waveguide is given in [7, 25] as:

g

These proximity effects have to be taken into account where the sidewalls and ridges are
close together [6, 26].

Walton and Sundberg implemented equations (1)-(4) and the approximation of the fringing
capacitance as given in [26] on a PC and calculated a number of curves that can be used to
design the ridges of the coaxial to waveguide launcher section of the antenna [4]. The
characteristic impedance j2of the ridged waveguide at a required frequency (F) was also

calculated using equations (6) — (8) given in [6] withHe cutoff frequency:

Z()oo :1/ yOoo (6)
2D B D B 1 (2185
— coS — | Incosec— | |+ — +=sin| — |+
Ac {)IJ { EZBH 21, 4 ( A j

O o LERNES)

Bsinz(j(A—S)j A4 A

L (RY
Z,=2,. 11 [Fj ®)

The same approach was also used by [17] to design the ridged waveguide launcher of a 1-
14 GHz DRGH antenna.

@)
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Implementation of the transverse resonance method on a PC today requires minimal
resources and allows calculation of the modes that will propagate in a matter of seconds.
This method is not an exact method, but approximates the double ridged structure with a
circuit. Furthermore its use is limited to the design of the ridged waveguide launcher

section and the geometry of double ridged waveguide. It cannot be used to design
complicated launchers with cross sections that vary along the axial dimension of the horn
antenna, as is typically used for the 1-18 GHz DRGH antennas. The method can also not
be used to design the dimensions of the ridged waveguide in the flared waveguide section
where the waveguide acts more like a two conductor transmission line (formed by the

ridges) than a waveguide [27].

2.3.2. Numerical solvers

The analysis of more complex geometries requires the use of numerical approximations. A
number of Computational ElectroMagnetic (CEM) techniques, numerical approximations
to Maxwell’'s equations are discussed in this section. Each technique has certain drawbacks
and advantages, it is necessary to choose the best technique based on the problem at hand.
Numerical techniques can be divided into asymptotic and full wave techniques
respectively. Asymptotic techniques assume certain physical approximations to Maxwell’s
equations which becomes more accurate and valid with an asymptotic increase in
frequency. Full wave methods on the other hand do not make any initial approximations,
but rather approximate Maxwell's equations numerically. The three prominent full wave
techniques namely Method of Moments (MoM), Finite Difference Time Domain (FDTD)
and Finite Element Method (FEM) will be discussed in the following sections. These
methods are implemented in the commercial electromagnetic software packages FEKO,
CST and HFSS [28]. Detail with regard to the methods and implementation of the methods
are beyond the scope of this dissertation, see [29] for a complete treatment of this topic. It
is important to discuss the methods in terms of advantages and disadvantages in order to
provide the required background to motivate the choice of the method used in this study. It
should be noted that the 1-18 GHz DRGH antenna itself has been implemented in all three

the previously mentioned software packages.
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2.3.2.1Method of Moments

The MoM is a full wave frequency domain CEM technique that uses the integral
formulation of Maxwell's equations. FEKO is an example of a commercial available
software package that implements this method. The radiating or scattering surface of a
structure is replaced by equivalent currents and the desired performance parameters
calculated from the equivalent currents. For example the radiation integral can be used to
determine the radiation pattern once the current distribution is known. As a first step
towards calculating the currents, the surface of the structure is discretized. A wire is
discretized with segments and a surface with triangles.

The approximation to Maxwell’'s equations comes in this step where a certain current
dependency is assumed across a single element with an applicable basis function
(numerous types of basis functions exist). The effect of each element on each other
element is then calculated using the appropriate Green’s function. Application of boundary
conditions on each element produces a set of linear equations that can be solved for each

element to yield the required current distribution.

It is important to note that the matrix produced is dease thus the solution of the matrix
requires significant memory resources. According to the FEKO user manual [30] the
memory scales to the power of two for each basis function and the Central Processing Unit
(CPU) time to the power of three for each basis function in the case of models consisting
of wires. According to [29] the memory cost scale for models with surfaces to the power of
4 and the run time to the power of 6. This means that to double the frequency of operation
will lead to a runtime increase by a factor between 16 and 64 and a memory increase by a
factor of 16 [29].

2.3.2.2Finite Difference Time Domain method

The FDTD method is a full wave time domain CEM technique. Classic FDTD uses the
differential formulation of Maxwell's equations. The commercial software package CST

! Nearly all of the matrix elements is non-zero
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uses a version of this metifodDTD discretise the electromagnetic problem with a 3D
staggered grid. Various types of grids are used. The equations (differential or integral) that

relates the field quantities (for FDTCE andH ) is then sampled at the grid points or
nodes in space and time. Classic FDTD approximates the partial differential equations by
finite difference equations. By applying boundary and initial conditions, the finite

difference equations are then solved.

2.3.2.3Finite Element Method

The FEM is a full wave frequency domain technique that uses the differential formulation
of Maxwell's equations. The commercial software package HFSS is an example of a
program that uses this method. The FEM method was historically firstly applied to
structural mechanics and thermodynamics. In FEM the problem region is discretised with

triangles for surfaces and tetrahedrons for volumes. Other types of higher order elements

are also available. Th& field on each element is calculated from Maxwell’s partial
differential equations by application of boundary conditions and initial values. According
to [29] this calculation can be done either by variational analysis or weighted residuals
(basis functions similar to MoM). A set of linear equations are thus formed and can be
solved with standard matrix algebra. It is important to note that this matrix is sparse, unlike
that produced by MoM, [29].

2.3.3. Advantages and disadvantages of the main numerical methods

2.3.3.1Method of Moments

The main advantages of the MoM can be summarised as follows:

The MoM code is a source method, only surfaces are discretised and not the volumes
between structures. This method is therefore extremely efficient for models containing
mostly conducting surfaces (Perfectly Electrical Conducting (PEC)). The MoM is well

Z Instead of the differential formulation of Maxwell's equations CST uses the integral equations. This is

known as the Finite Integration Technique (FIT) [28].

Department of Electrical, Electronic and Computer Engineering 15

© University of Pretoria



EIT VAN PRETORIA
TY OF PRETORIA
THI YA PRETORIA

Chapter 2 Background of DRGH antenna development

suited for radiating or scattering structures since it already incorporates the radiation
condition. Homogeneous dielectric structures can be included in the MoM with the Surface

Equivalences (SEP) and Volume Equivalence Principles (VEP).

The main disadvantages of the MoM can be summarised as follows:

As mentioned previously, MoM has costly scaling with an increase in model size or
operating frequency and computational constraints can quickly be reached with large
models and wideband simulations. Furthermore, for the Volume Equivalence Principles
(VEP), that is used for inhomogeneous structures the memory and runtime scales to the
power of 9, which is very costly [29]. Therefore the MoM has limited application for
structures that include inhomogeneous dielectric meshes. The MoM is a frequency domain
method and thus needs to recalculate the solution for each frequency point. It can be used

for wideband simulations depending on the runtime requirement and model size.

2.3.3.2Finite Difference Time Domain

The main advantages of the FDTD can be summarised as follows:

Firstly, due to the fact that FDTD is a time domain method, the wideband response can be
computed with a single simulation whereas MoM has to recompute the solution for each
frequency. The runtime of FDTD scales to the power of 5.5 for each unkown [29], this is
slightly better than that of MoM. For wideband systems this means that MoM will be
slower than FDTD by at least the factor of the number of frequencies. FDTD is also well

suited to problems that include inhomogeneous dielectrics.

The main disadvantages of the FDTD can be summarised as follows:

The FDTD method discretise the electromagnetic problem with a 3D staggered grid,
therefore curved metallic surfaces (for example the exponential ridge profile) will be
approximated with a staircase type of mesh which leads to inaccuracies [31]. To deal with
this problem a number of approaches has been proposed using nonorthogonal FDTD grids

and locally conformal grids [32, 33]. Although FDTD scales better than MoM, this can be
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offset by the dispersion effect which requires finer discretisation for larger electromagnetic
problems [29]. This means that FDTD requires large amounts of memory for larger

problems. This increase is especially due to the discretisation of FDTD in three dimensions
while MoM only discretises surfaces. This also means that FDTD is not as efficient as
MoM when the problem only consists of PEC structures. In the case of radiation and
scattering problems MoM is also better suited than FDTD since the FDTD problem space
must be surrounded by absorbing layers like the PML (Perfectly Matched Layer) to

simulate unbounded regions, while MoM already includes the radiation condition.

2.3.3.3Finite Element Method

The main advantages of the FEM can be summarised as follows:

The FEM is very good for smaller, complex, closed region structures that may contain
inhomogeneous materials. The method is well suited for materials that have frequency and
or direction dependant properties (dispersive and anisotropic). According to [29] the
runtime scales to the power of between 5.5 and 6 for each unknown, which is slightly
better than MoM for PEC structures and a lot better than the SEP or VEP used in MoM to
model homogeneous dielectrics. Some new software packages can calculate coupled
solutions between, for example, the ElectroMagnetic (EM) solution and a thermal or

structural analysis. This is useful, for example, in high power applications [29].

The main disadvantages of the FEM can be summarised as follows:

Although FEM scales slightly better than MoM, this can be offset by the larger number of
mesh elements required to model the problem in three dimensions (volume meshing versus
surface meshing). In the case of large three dimensional problems the meshing becomes
complex and time consuming [29]. In EM, FEM is therefore limited to smaller geometries
that contain more complex features and materials such as microwave devices. As with the
FDTD method, the radiation condition is also not part of the FEM formulation and
therefore absorbing boundary conditions is used to calculated radiation and scattering.
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2.4. DRGH antenna design development

The DRGH antenna can be viewed as consisting of a waveguide launcher/adaptor and
flared rectangular waveguide section that serves as a transition between the waveguide and

free space.

2.4.1. Coax to waveguide launcher

The MUB of standard pyramidal type horns is limited to typically 2:1 [10]. To increase the
MUB of the antenna, ridges were introduced in both the adapter and flared sections. Ridges
reduce the cutoff frequency of the fundamental mode. The MUB increases significantly
when the gap between the ridges is small [4], this is because the next higher order mode is

insensitive to changes in the gap width while the fundamental mode is very sensitive.

The following method is typically used to couple the power into the ridged adaptor; the
outer conductor of the coaxial feed line is implemented using a bush that passes through a
hole in the ridge and is connected to the top ridge and outer of the connector. The bottom
ridge contains another bush, with a hole into which the inner conductor fits. The inner
conductor consists of a pin passing through the bush and is connected to the bottom ridge
at the bottom bush.

According to [4] the height of the waveguide launcher section must be less #tahe
highest operating frequency to prevent propagation of the m&de. The design of ridges

in ridged waveguide depends on the MUB desired. The various methods to design ridged
waveguide were discussed in the previous section. Typically the transverse resonance
method was used to design the ridged waveguide dimensions in the coax to waveguide
launcher. The design of the rest of the launcher was done through experimentation and it
was found that the launcher design plays a critical role in the antenna’s performance [4,
12]. In [4] it was found that a critical dimension is the distance from the inner conductor
centre to the back shorting plate which must be less tHamat the highest operating
frequency. If the inner conductor is located in the centre of the waveguide (thus in the

centre of the ridges) and a short straight section of waveguide/ridge is used between the
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probe and the flared waveguide section, they,TTRode cannot be excited and the first
higher order mode is the FEmode [4].

The launcher of the short axial length 1-12 GHz DRGH antenna developed in [12] had to
be redesigned to ensure broadband operation. Specifically the launcher dimensions were
made smaller to ensure operation at the high frequency end. The launcher dimensions also
tapers out from the feedpoint to the launcher — horn interface [12]. The coaxial inserts’
(coaxial feed line, called bushes in this dissertation) dimensions were reduced and the input
connector changed from N-type to SMA. This improved high frequency VSWR at the
expense of low frequency VSWR. Furthermore metal pins were included in the launcher to
improve the high frequency VSWR. These rods were connected between the back of the
ridge and the backshort [12]. The traditional 1-18 GHz DRGH and the new design
incorporate these rods as part of the ridge profile.

Complete redesign of the launcher section of the traditional 1-18 GHz DRGH removed
unwanted modes that caused performance deviations [18]. The new 1-18 GHz DRGH

antenna design will, however, be discussed in more detail in Section 2.5.

2.4.2. Flared waveguide section

For pyramidal horns the aperture method calculation is used to determine the dimensions
of the flared section to achieve the desired gain and beamwidth characteristics [34, 35].
Figure 2.4 shows the aperture dimensions of a pyramidal horn antenna. The introduction of
ridges in the flared waveguide section complicates the aperture distribution and therefore

this method cannot be used to design wideband DRGH antennas.

It is important to note that the aperture size of the traditional 1-18 GHz DRGH antenna is
defined in MIL-STD-461-F [14]. The new 1-18 GHz DRGH antenna has a smaller aperture
and does not include the E-plane sidewalls [36].
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Figure 2.4Flared waveguide section of the pyramidal horn antenna.

As mentioned in the previous section, ridges were introduced in both the adapter and flared
sections to increase the MUB. The ridges of the waveguide adaptor were extended into the
flared section to allow the TEmode to propagate. To allow the ridges to be terminated in
the waveguide section, the H-plane aperture of the horn at the point of ridge termination
must be at least/2 at the lowest operating frequency [4]. This ersutet the horn

operates above cutoff for the TEnode.

The profile of the ridges is designed in order to provide a smooth impedance transition
from the ridged waveguide at the coax launcher to that of free spac)3JA7 12]. In [4]

it is suggested that the flared section should be reasonably long, af2easthe lowest
opeating frequency to ensure a smooth impedance taper. According to [4] ridges of horns
with reduced axial length might cause undesirable radiation characteristics and reduced
gain especially when a constant ridge width is used. In [12], however, the axial length
reduction led to an increase in bandwidth, albeit with a small increase in VSWR in the low
band. The launcher had to be redesigned since the initial short models (for a 1-12 GHz
horn) experienced pattern degradation above 10 GHz. The best profiles were found
through experimentation to be exponential profiles with a linear section at the start of the
profile [4, 12], (to prevent excitation of jEmode, see previous section). In [4] it was
found that as the MUB of the DRGH antenna is increased, VSWR peaks appear in the low
band and increases in height and number. No explanation for this result could be found in
[4]. It was found that a linear taper superimposed on the logarithmic curve improved the
VSWR in the first octave of the frequency band for the 1-12 GHz DRGH designed in [12].

No explanation for this effect could be found either. The ridge shape can also be used to
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improve the aperture match of the antenna [3, 16, 18, 27]. In [27] results were presented
for a 2-11 GHz antenna derived from a DRGH. This antenna used cylinders at the end of
the ridge profile as well as microwave absorbing material for aperture matching. This

antenna had no E or H-plane sidewalls and thus operated more like a two conductor

balanced transmission line [27].

Ridges were mostly implemented with constant width due to ease of fabrication. The width
of the ridges can be used to ensure single mode propagation in the flared section of the
waveguide [4]. The ridges affect the phase error of the E and H-plane differently and this

must also be taken into account when designing the ridges [4].

H-plane sidewalls (flares)

E-plane sidewalls

Figure 2.5DRGH showing indicating H-plane and E-plane sidewalls.

Figure 2.5 clearly shows the location of the sidewalls. Initially the sidewalls of the flared
section were of all metal construction. Later the E-plane sidewalls of DRGH antennas were
implemented as a grid type construction, while the H-plane flares was solid metal. This
was done, since it was shown in [12] that the E-plane sidewalls increase the low frequency
gain, but has no significant effect above 3.5 GHz. It was found that the ridges control the
radiation in the upper frequency band of operation (see [12] and [27]). Therefore these
sidewalls could be substituted with a grid construction. The spacing of the grid elements is
a tenth of a wavelength at the low end of the band in order to simulate a solid metal wall at
these frequencies [12]. Grids etched on a dielectric substrate ([12] used glass-reinforced
Teflon) reduced the weight of the antenna and makes the antenna easier to weatherproof

and not as fragile when compared to using a grid only. For the new 1-18 GHz DRGH
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antenna design, the E-plane sidewalls was completely removed since it was found that the
dielectric substrate of these sidewalls is one of the factors that causes pattern deterioration
above 12 GHz [18]. The new 1-18 GHz DRGH antenna design will be discussed in more

detail in Section 2.5.

2.5. Typical performance and pattern deterioration

The initial 1-12 GHz DRGH design of [12] experienced pattern degradation at 10 GHz,
which could be alleviated by redesign of the launcher section. It is stated that this 1-12
GHz DRGH antenna still experienced serious pattern degradation at 18 GHz. With the use
of numerical methods it was shown recently that the pattern of the traditional 1-18 GHz
DRGH antenna deteriorates in the frequency band above 12 GHz [1, 2, 15]. This was
expected since the traditional 1-18 GHz DRGH antenna was just an adaption of the 1-12
GHz design in [12]. The main beam splits into four large side lobes and the boresight gain
is reduced by approximately 6 dB at 18 GHz (see Figure 2.6). This makes the use of these
antennas for EMC, measurement and reflector applications less desirable. These
applications require a pattern that creates uniform fields across a wide frequency band [18].
The software package FEKO was used to investigate the pattern deterioration problem
using a broadband numerical model that included the coaxial feeding section. The
advantage of a numerical model is that it is easy and inexpensive to calculate full 3D
radiation patterns. This is not the case when performing measurements. The pattern
deterioration effect was much better observed with the 3D pattern data of the numerical
model. DRGH antennas are usually only measured in the E and H-planes. In [1, 2, 15] after
observations made with the simulation model, a pattern was also measured through the 45°
plane of the DRGH. This pattern gave a better indication of the pattern deterioration. Using
the broadband numerical model, calculation of the near fields in the aperture of the DRGH
antenna revealed that the field patterns become more complex above 12 GHz, an indication
of higher order mode propagation [1]. Therefore it was found that the traditional 1-18 GHz
DRGH antenna experiences pattern deterioration due to the propagation of higher order
modes [1, 2, 15]. It was speculated that a redesigned feeding section, dielectric inserts in
the flared part of the horn or a dielectric lens would solve the problem [1, 2, 15].
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Pattern deterioration:
4 sidelobes

Gain [dBI]

Frequency [GHZz]

Figure 2.6 Pattern deterioration of traditional 1-18 GHz DRGH antenna.

A number of studies followed to further analyse and address the pattern deterioration
problem [16 - 18]. Subsequently a new design that produces a single main beam across the
band was developed [3, 16, 18]. A number of improvements were made and are

summarised below:

Redesigned waveguide adaptor and mode suppression fins: The waveguide adaptor
section was redesigned and mode suppression fins included. This was done in order to
suppress the higher order modes that led to the pattern deterioration. Just behind the mode

suppression fins, a cavity was included to reduce VSWR [36].

Antenna scaled:The antenna was scaled to be slightly smaller in order to shift the pattern
deterioration problem to higher frequencies.

Removed dielectric sidewalls:In [1] it was found that the sidewalls of the wideband
DRGH antenna do not influence the antenna’s patterns at frequencies above 4 GHz. The
broadband simulation model used in [1] for the traditional 1-18 GHz DRGH antenna did
not include the dielectric material for the grid sidewalls and could therefore not recognise
the effect that the sidewalls has on the high frequency performance. It was subsequently

found that the sidewalls play an important part in the deterioration of the patterns at
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frequencies above 12 GHz [18]. It was found that it is not the metallic strips itself, but
rather the dielectric that causes an on-axis gain drop at 18 GHz [18]. Therefore the
dielectric sidewalls were removed in the new design [18]. In this dissertation it was
confirmed that the dielectric sidewalls increase the pattern breakup, especially at 18 GHz
(see Section 3.3.4). The removal of the E-plane sidewalls has come at the expense of low-
frequency gain and a corresponding increase in the low-frequency radiation pattern
beamwidths [18].

Changed H-plane flares: The H-plane flares’ outline was changed to reduce edge
diffractions since sharp corners were formed at the edges of the H-plane flares due to the
removal of the E-plane flares [3]. Coupled with the ridged profile that thus extend beyond

the upper and lower H-plane flares, this improves the aperture match [36].

Redesigned ridgesThe ridges were redesigned to provide a better aperture match. The
new ridge curvature was found by using a linear section near the feed point, an
intermediate exponential section and a circular section near the aperture [3]. It is
interesting to observe that the ridge curvature as shown in Figure 20 of [36] was included
into the patent, but the use of a cylindrical ridge section incorporated onto an exponential

section was presented previously in 1982 [27].

In this new design the main radiation lobe is now directed towards boresight, the pattern is
more constant with frequency and does not deteriorate anywhere in the operational
bandwidth. This makes the new design suitable for EMC, measurement and use in
reflectors. These design improvements were also extended to the 200 MHz-2 GHz and 18-
40 GHz DRGH antennas [19, 20].

2.6. Sensitivity and tolerance problems

The earliest finding with regard to the sensitivity of DRGH antennas can be found in [4], it

is stated that extreme care must be taken in the fabrication and assembly process of the
antenna or the results can be disappointing. More recently a number of tolerance studies
were performed on the traditional 1-18 GHz DRGH antenna [16, 17]. These studies used

commercial numerical solvers such as FEKO, CST and HFSS. The effects of ridge
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separation at the launching section of the traditional 1-18 GHz DRGH, the position of the
feeding probe and the radius of the probe are presented in [16]. In [17] the effects of probe
position, cavity height, probe diameter and ridge curvature were investigated for a 1-14
GHz DRGH antenna. The previous studies showed that this antenna is extremely sensitive
to variations in tolerances. No tolerance or sensitivity study could be found with regard to
gaps or mechanical imperfections formed by manufacturing tolerances and incorrect
assembly. Since the antenna consists of a number of parts, tolerances in the machining,
even when numerically controlled, and errors in the assembly could easily lead to gaps

between subsections and incorrect dimensions.

In the same studies that revealed the pattern deterioration problem of the traditional 1-18
GHz DRGH antenna, it was also mentioned that the inclusion of gaps in the order of 0.5 -
0.05 mm in the bottom of the cavity as well as the flaps of the numerical model gave more
accurate results [1, 2, 15]. It is mentioned that increased accuracy was only obtained for
certain frequencies and not across the entire band when including the gaps. How the gaps
were implemented was not described nor was the effect of the gaps completely
characterised. Based on these observations, a precision manufactured 1-18 GHz DRGH
antenna was used in the investigations of [1, 2, 15] to exclude the effect of mechanical
imperfections. It is also important to note that this precision DRGH antenna made use of a
precision N-type connector that is mode free up to 20 GHz. In [18] a good correlation
between measured and simulated results was observed for the new design of the 1-18 GHz
DRGH antenna. Discrepancies in gain were observed, but it was hypothesised that this is
due to losses in the aluminium body, insufficient amount of unknowns in the simulation
and interestingly the effects due to gaps between parts of the antenna. No further
investigations were, however, done to confirm this hypothesis. A very limited sensitivity
analysis on the new 1-18 GHz DRGH was performed in [3]. Only the variation in VSWR

was investigated for two controlling parameters of the ridge profile.

2.7. Summary

The background of DRGH antennas was briefly discussed in this section. The design of
this type of antenna was presented with regard to the design methods used such as the

transverse resonance method, MoM, FDTD and FEM. The advantages and disadvantages
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were evaluated for each method. The historical development of the 1-18 GHz DRGH
antenna design to its current state was discussed by dividing the antenna design into two
sections, the waveguide launcher and flared waveguide sections. The performance
deviations and pattern deterioration of the traditional 1-18 GHz DRGH antenna design was
then evaluated followed by the design improvements made in the new 1-18 GHz DRGH
antenna were summarised. The radiation pattern of this design does not deteriorate in the
upper band as with the traditional design. Finally, studies related to the sensitivity of the 1-
18 GHz DRGH antenna were discussed. This antenna is very sensitive to manufacturing
tolerances. Although a number of studies address the slight variation or tolerance of
various parts of the antenna, no studies could be found that specifically focus on the effect

of gaps formed by manufacturing tolerances in assembly.
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MODEL

3.1. Introduction

As mentioned in Chapter 1, the main objective of this dissertation is to investigate and
completely characterise the effect of manufacturing tolerances that can occur in the
construction of 1-18 GHz Double Ridge Guide Horn (DRGH) antennas. An investigation
that only relied on experimentation would not be able to determine the exact cause and
effect of specific mechanical defects. It was observed that measured performance results
varied significantly just by reassembling the antenna. Taking into account the accuracy
with which parts can be machined, it would be very difficult to purposefully create parts
with specified gaps. Even if these parts could be created accurately enough, the experiment
would be influenced by virtue of the fact that the antenna would have to be disassembled
and reassembled a number of times. Therefore a highly accurate, fully parametric
numerical model of the 1-18 GHz antenna had to be developed. In a numerical model
gaps/mechanical defects are created in one location only and thus a cause-effect
relationship could be established and comparisons could be drawn between individual

simulations.

Section 3.2 will shortly discuss the selection of the numerical method and the numerical
software package used in this dissertation. In Section 3.3 the development of the 1-18 GHz
DRGH antenna numerical model used in this dissertation is presented. Section 3.4
discusses the parameters and implementation related to the meshing of the 1-18 GHz
DRGH antenna model. In Section 3.5 the model is validated using measured results of a
carefully constructed DRGH antenna. Finally the chapter is concluded with a short

summary in Section 3.6.

3.2. Selection of the numerical method and software

It is very important to choose the correct type of numerical approximation technique
depending on the problem at hand. The first consideration when starting to implement an
electromagnetic model is to choose the software package and therefore the corresponding
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Chapter 3 Development of the simulation model

numerical method that will be used. Sections 2.3.2 and 2.3.3 outlined the various typical
methods used namely Method of Moments (MoM), Finite Difference Time Domain

(FDTD) and Finite Element Method (FEM) [28]. These methods are implemented in the
most widely known commercial software packages namely FEKO, CST and HFSS. It was
decided that for this study the MoM code as implemented in FEKO would be the best

numerical approximation method.

The main advantage in connection with this study is that the MoM code (which FEKO
uses) is a source method, only surfaces are discretised and not the volumes between
structures. This has two advantages. Firstly the goal of this study was to implement very
small gaps between subsections of the antenna. MoM only has to mesh the surface of the
parts around the gaps while the other methods would have to mesh the air volume between
the parts as well. Since these features would be very small (0.5 - 0.05 mm) this would
mean mesh elements with small sizes near the gap and therefore a large number of extra
unknowns with volume meshing. Secondly this model contains mostly conducting
surfaces, for which the source method is ideally suited. The 1-18 GHz DRGH antenna is
electrically very large at 18 GHz with a large volume of free space inside the horn. MoM
only needs to model the conducting surfaces and not the large volume of air inside the
antenna. Therefore the MoM will have much less unknowns to solve than the other
methods. Since this antenna has a wide operational bandwidth, methods such as FDTD
would normally be better, since the response is calculated in a single run. However, due to
the fact that the MoM solution would have far less unknowns for this specific problem and
therefore would require far less memory, computation of the wideband response would be

comparable to the other methods.

FEKO also has the advantage of modelling the few homogeneous dielectric areas that the
model contains with the Surface Equivalence Principle (SEP) method which would not add
excessively more unknowns. Furthermore the MoM is well suited for radiating or
scattering structures since it already incorporates the radiation condition and the main
parameter used for comparison purposes was the boresight swept frequency gain of the
antenna. This parameter was used since the resonance effects can be most easily observed

in the boresight gain and a large amount of measured data was available for this parameter.
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3.3. Development of the numerical model in FEKO

A Solid Works model of the mass produced 1-18 GHz DRGH antenna was used to obtain
the dimensions for the various parts. The numerical model is fully parametric and can be
adjusted as required for a tolerance/sensitivity study. The next section will show how each
of the mechanical parts and sections was implemented as an electromagnetic model in
FEKO.

Top H-plane flare  N-Type connector

E-plane metallic

grid sidewall \

Waveguide
launcher
assembly

E-plane metallic
grid sidewall

Bottom H-plane flare

Figure 3.1The 1-18 GHz DRGH antenna Solid Works model.

Figure 3.1 shows a typical 1-18 GHz DRGH antenna. The basic antenna can be divided
into two sections, the waveguide launcher and flared waveguide sections. The waveguide
launcher section consists of the waveguide launcher assembly and coaxial feeding section
including the N-type connector. The flared waveguide consists of the E- and H-plane

sidewalls and ridges.

Figure 3.2 shows the various parts (to the left) and assembly of the waveguide launcher
section and ridges (to the right) with the top and bottom H-plane flares and the E-plane
sidewalls removed for clarity. The parts from top to bottom are the backshort, launcher

flares, launcher wedges and ridges.
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Backshort
-
Y
Flares

Q ﬁL

Ridg

Figure 3.2Ridges and waveguide launcher assembly with components.

Figure 3.3 shows the coaxial feeding section of the horn antenna. This section consists
firstly of a connector (typically N-type). The outer conductor of the coaxial feed line is
implemented using a bush that passes through a hole in the ridge and is connected to the
top ridge and outer of the connector. The bottom ridge contains another bush, with a hole
that is toleranced in order for a custom collet with spring fingers to be held with a press fit.
The inner conductor consists of a pin passing through the bush and is connected to the
bottom ridge using a collet-bush combination. This assembly allows for identical ridges to
be manufactured for both the top and bottom ridges of the DRGH antenna.

In the next sections it will be shown how each of the assemblies and parts were modelled

individually in FEKO and then combined to form the complete model.
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Outer
conductor
i Inner conductor '
Top ridge _ top bush
pin
Il
N i
/,.L
Collet

Bottom ridge /

Bottom bush

Figure 3.3 Cross sectional cut showing coaxial assembly.
3.3.1. Waveguide Launcher section of the DRGH

This section shows how the launcher assembly was modelled in FEKO. The waveguide

launcher section includes the backshort, launcher flares, wedges and cavity part of the

A

|

ridge.

>

—t ||

Figure 3.4Model of waveguide launcher assembly (left), FEKO implementation (right).
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Figure 3.4 shows the Solid Works model that was used to model the waveguide launcher
section on the left and the FEKO implementation on the right. The dimensions were
verified by overlaying the parasolid file from Solid Works with the FEKO file. The outside
structure of the waveguide launcher section has little effect on the radiation characteristics
of the DRGH antenna. In order to reduce the amount of unknowns in the final model, these
plates were not included in the model.

3.3.2. Ridges

The profile of the ridge is typically exponential with a linear taper and a linear section that
starts at the back of the feed point. Figure 3.5 shows the FEKO model of the ridges.

Cylinder with 16
sides

Polylines on

ridge

Figure 3.5FEKO model of ridges.

A single polyline was created using imported points from a text file that contained the
ridge profile. These points were obtained from the Solid Works model of the manufactured
1-18 GHz DRGH antenna. This curve was then swept to create a ridge with the correct
width. The lines created by this sweep ensured that the ridge is meshed much finer and
therefore the ridge profile would be modelled more accurately. Finer meshing on the ridges
is also needed since most of the fields and currents are confined between the ridges. Sides
were added to the ridge with polygons. The cylindrical section into which the feeding
section was to be modelled was approximated by a cylinder with 16 sides. The cylinder

was created by sweeping a 16 sided polyline along its axis. Perfectly round cylinders can
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be modelled easily in FEKO. The lines and flat faces on the cylinder with 16 sides,
however, force the mesher to mesh a much more homogeneous, symmetrical and

ultimately better approximation to a round cylinder.

Meshing does not match model

of ridge made with Bezier cun

Figure 3.6Inaccurate meshing when using Bezier curves for ridge profile.

It is important to note that initially Bezier spline curves were used to model the exponential
profile of the ridges. Inaccurate VSWR results led to an investigation and closer study of
the mesh revealed that the mesh did not follow the Bezier curve exactly as is shown in
Figure 3.6. It might be possible that this is only a viewing error, however, after the ridges
were created with polylines using the exact points from the Solid Works model the VSWR
results became more accurate. The latest version of FEKO has an analytical curve model
that would be ideal for ridges. Since the simulation model produced accurate results and
the research was already nearly finished it was decided not to implement the analytical

curve at such a late stage.

Figure 3.7 below shows how the ridges were unioned with the waveguide launcher

assembly.
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Figure 3.7 Ridges unioned with waveguide launcher assembly.

3.3.3. Coaxial feeding section of the DRGH

Historically the whole coaxial feeding section of DRGH antennas was modelled by
connecting a wire between the ridges and placing a source on the wire. The model used in
[1, 2, 15] modelled the complete coaxial feeding section in order to improve accuracy. This
unfortunately means that the horn now only has 1 symmetry plane instead of two. The
coaxial line in [1, 2, 15] was modelled with eight radially directed, equally spaced co-
phasal voltage sources between the inner and outer conductor as shown in Figure 3.8 (a) in
order to create a TEM mode on the coaxial line. The inner and outer conductors comprised
two eight sided cylinders.

(a) (b)

Figure 3.8.Coaxial excitation with wires and sources (a) and with waveguide feed (b).
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Currently FEKO includes a waveguide feed excitation for coaxial lines that produces a
much more accurate TEM mode on the coaxial line. The excitation can also be forced to
only excite the fundamental mode. The improved model with the waveguide feed can be
seen in Figure 3.8 (b).

Small tapered air gap

Figure 3.9.Small compensating air gap with a taper.

The N-type connector has a dielectric core while the coaxial line is filled with air. The
discontinuity between the connector and the air filled coax line is compensated for by a
small tapered air gap as shown in Figure 3.9. The waveguide excitation was applied inside
the N-type connector on the face between the inner and outer conductor. The feed was
forced to propagate only along the coaxial line towards the ridges and only the
fundamental mode is excited at the feed point.

It is further important to notice that the meshing on the coaxial model of the inner and
outer conductor was improved (enforced to be finer) by using a 16 sided cylinder instead
of an 8 sided one as in [1, 2, 15]. The model of the N-type connector that includes the
dielectric core is shown in Figure 3.10. The dielectric material was given the electrical
properties of Teflon and evaluated with the SEP method.
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Model of N-

type connector

)

Figure 3.10Model of N-type connector that includes dielectric core.

Figure 3.11TEM mode in N-type connector.

A near field cut through the final N-type connector model, just below the waveguide port
shows that a very accurate TEM mode has been excited in the coaxial feed line (Figure
3.11). Figures 3.12 and 3.13 show the TEM mode as it propagates along the coaxial line.
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Figure 3.12TEM mode inside coaxial line just after N-type connector.

Figure 3.13TEM mode in coaxial feed line.
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3.3.4. Flared Waveguide section of the DRGH

The flared waveguide consists of three parts, the E- and H-plane sidewalls and the ridges.
Figure 3.14 shows how the flared waveguide was implemented in FEKO. This figure

shows how all the non-essential geometry features were removed, for example the finite
thicknesses of the sidewalls. Spaces were left in the H-plane sides where the ridges were

modelled (see Figure 3.14 below).

™

-

\
[\

Y
/

A\
N\

—

Spaces left for ridge

Figure 3.14Flared waveguide E- and H-plane sidewalls.

The flared waveguide and the waveguide launcher FEKO models were combined to form

the complete model. Figure 3.15 shows the final complete unmeshed FEKO model.

Metallic grid

LV sidewalls

Figure 3.15Final unmeshed FEKO model.
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The traditional horn antenna suffers from pattern deterioration at frequencies above 12
GHz which can be reduced by removing the E-plane dielectric sidewalls [18]. It was found
that it is not the metallic strips itself, but rather the dielectric on which the strip is printed
that causes pattern breakup and an on-axis gain drop at 18 GHz [18]. Thus sidewalls of the
grid type were implemented in the model to retain the low frequency performance of the
DRGH. Removing the dielectric improved on axis gain performance from 8 dBi to 12 dBi

at 18 GHz. The antenna still suffers from pattern breakup, but less pronounced.

Metallic grids on

dielectric sidewalls

Figure 3.16 FEKO model with printed dielectric sidewalls.

Although the grid type sidewalls without dielectric materials were implemented, but it was
decided to test if the same observation can be made in simulation with regard to
performance deterioration as was previously proved experimentally [18]. Dielectric
sidewalls with metallic grids were included for the model (see Figure 3.16) and the
boresight gain results compared with that of the model with no dielectric sides. The results
for the boresight gain can be seen in Figure 3.17. Exactly the same observation can be
made from these simulation results as was found in [18], namely that the dielectric material
is one of the causal factors in the pattern breakup at 18 GHz as can be observed by the
increased boresight gain drop at 18 GHz.
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Gain [dBI]

~
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v

""" DRGH with printed dielectric sidewal

1 2 4 6 8 10 12 14 16 18
Frequency [GHZ]

Figure 3.17Pattern deterioration due to E-plane dielectric sidewalls as observed in boresight gain.

3.4. Meshing the DRGH model for simulation

The accuracy, memory requirement and runtime of an electromagnetic model are
determined by the meshing. A too fine mesh might lead to very long runtimes or even
impossible memory requirements, while a very coarse mesh might lead to inaccurate
results. Typical guidelines for mesh element sizes are given in the FEKO user manual [30].

The recommended edge element size is givei(ass) with a preferred size of(8-10).

The horn antenna model was discretised using perfectly electrically conducting (PEC)
metallic triangles. The model was meshed with various mesh sizes to find the best trade-off
between accuracy and physical constraints. It was found that an overall final maximum
edge length size ok/3 at 18 GHz provided accurate results as well agpable
simulation times. FEKO does not allow the user to specify different mesh sizes for
different frequencies; therefore the same mesh element size was used at all the other
frequencies (5.56 mm). This means that the meshing improves as the frequency decreases.
At 10.8 GHz the meshing is at the recommended si2ésohnd this improves further for
thelower frequencies. The basic model meshed at a mesh elements&zawod)/7 at 18
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GHz was evaluated, but the results did not vary significantly (see Figure 3.18). The only

variation was right at 18 GHz (difference approximately of 1 dB).

20

Gain [dBI]

Frequency [GHZ]

Figure 3.18Boresight gain of simulated antenna with various mesh sizes.

Seeing that the result for the basic model (wit/zamesh at 18 GHz) compared well to
measured results i.e. was verified it was felt that it was not necessary to decrease the mesh
element size (see Section 3.5). The slight increase in accuracy at 18 GHz did not justify the
large amount of extra resources required when using smaller mesh elements (42 141
unknowns forA/5 and 76 284 unknowns f@f7 compared to 17 260 unknowns #dB).

See Table 3.1 for more detail with regard to the computational requirements.

The final mesh was a non-uniform mesh (in FEKO referred to as non-homogeneous) with
smaller and somewhat distorted mesh elements near the coaxial section and between the
ridges. FEKO’s mesher forces the mesh to be flat to flat surfaces/faces and to make
connections at edge points. See Figures 3.19 and 3.20 below for a comparison between a
coaxial line with flat faces and curved surfaces. Thus | could utilise the geometrical
construction to force smaller mesh sizes in areas | expected to be more critical and to
obtain a better representation of the geometry. According to [1, 2, 15] different geometry
discretisations can lead to electromagnetic artefacts and since the meshing of certain areas
was forced smaller and somewhat distorted, the mesh was not homogeneous. No strange

effects due to a non-homogeneous mesh sizes were observed.
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Figure 3.19FEKO CAD model of cylindrical feed (left), Meshed cylindrical fek(8 at 18 GHz
(centre), Meshed cylindrical feed,10 at 18 GHz (right).

Figure 3.20FEKO CAD model of polygonal feed (left), Meshed polygonal feé8l gt 18 GHz.

To test the accuracy of the non-uniform mesh, the mesh was refined using FEKQO's built in
mesh refinement tool to obtain a more uniform mesh (the suggested mesh refinement
tolerance was used). The simulation subsequently did not give any warnings of a non-
homogenous mesh. A comparison for the boresight gain of the basic antenna model with
uniform and non-uniform mesh can be seen in Figure 3.21. The simulation results for
uniform and non-uniform meshes correspond very well with the spot frequencies at 5.5 and
18 GHz differing by approximately 1 dB. As mentioned previously the non-uniform mesh
had 17 260 unknowns f@/3 meshing. The uniform mesh has 19 287 unknowns i§ha

very slight increase in the number of unknowns, but a 25% increase in the memory
requirement and a 164% increase in simulation time (found to be slightly moref@an N
memory and R for processing time). The mesh could be refined even further to improve
the uniformity of the mesh (i.e. less distorted mesh elements and overall uniform mesh

size) with a substantial increase in computational resources required.
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Figure 3.21Boresight gain of basic simulated model with uniform and non-uniform meshing.

Table 3.1 gives an indication of the computational requirements for the various meshing
schemes. The simulations were run on a 2.5 GHz quad core processor with a Windows XP
professional operating system and 8 GB RAM. Foriffienesh the RAM was insufficient

and he simulation had to use hard drive disk space.

Table 3.1. Computational requirements for various meshing schemes.

Peak Overall runtime
Mesh % Increase % Increase
Unknowns| Memory per frequency
(18 GHz) from case 1 . from case 1
(GB) point (h)
A3 non-uniform 17260 1.117 - 0.198 -
M3 uniform 19159 1.397 25.07 0.523 164.43
A/5 non-uniform 42141 3.32 197.22 3.394 1616.91
M7 non-uniform 76284 10.737 861.24 15.596 7789.57

What is important to note is that measured results were available before the numerical
model of the antenna was developed. Therefore the accuracy of the model could be

assessed as the model was developed. Since it was found that the model with non-uniform
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mesh provided accurate results it was decided to continue with the non-uniform mesh (see
Section 3.5).

The final meshed model is shown in Figure 3.22. The final mesh included the following

number of elements:

e 11 126 metallic elements in free space
+ 32 metallic elements in a dielectric
+ 256 metallic elements on the surface of a dielectric

» 32 triangles for the surface of a dielectric

iy

)

uri

v
AW
S
=
i

LA
7

N-type connector

Metallic

sidewall grid

Figure 3.22Final meshed FEKO model.

3.5. Experimental validation of the FEKO model

This model with the accurate coaxial feed has a single symmetry plane. A magnetic
symmetry plane was implemented in order to reduce CPU time and memory without the
loss of accuracy as was done in [1, 2, 15, 18]. The electric field integral equation was used.
The combined field can be used to improve accuracy, but this will increase simulation time

significantly. For the calculations performed by FEKO, single precision was used. FEKO
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gives warnings when single precision is inadequate and double precision should be used,
especially when the MoM matrices are nearly singular. No such warnings were found
during simulation and therefore it was decided that single precision calculation would be
adequate. The three dimensional far-field patterns were calculated as well as the reflection

coefficient at the waveguide port at 86 linearly spaced frequency points between 1 and 18

GHz.

The final numerical model was validated using measured data of a carefully constructed
DRGH antenna. The antenna measured was assembled with care to reduce any effects from
manufacturing or assembly tolerances. Comparisons between measured and numerical
boresight gain and VSWR for this DRGH antenna are presented in Figures 3.23 and 3.24,

respectively. The maximum gain difference is 1.5 dB and the maximum VSWR difference

is 0.4.

Gain [dBI]

77777 o o o Measured |
A - Simulated
902 4 6 8 10 12 14 16 18

Frequency [GHZ]

Figure 3.23Comparison between FEKO model and measured results for boresight gain.
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- A S Measured|

Frequency [GHZ]

Figure 3.24Comparison between FEKO model and measured results for VSWR.

Various differences between the simulated and measured models in [1, 2, 15] were
explained by differences in the measurement setup versus perfect space in which the
numerical model is placed, as well as discretisation at the feed not being fine enough. In
[18] the differences are explained by losses in the aluminium body (which the simulation
model does not have since PEC material is used), of the antenna as well as small gaps

between the parts of the antenna.

The model developed in this dissertation is more accurate when compared to above-
mentioned models. The most plausible explanation to the very small differences (for

example the small ripples in the measured patterns) is tolerances in the machining and
assembly process. Furthermore it must be remembered that typically the gain of the
antenna can only be measured to within 0.5 dB. From the results above it was decided that
the developed 1-18 GHz DRGH antenna numerical model is adequately accurate to

conduct the present study.
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3.6.  Summary

At the beginning of this chapter the selection of the numerical method and corresponding
software package were discussed. The MoM as implemented in FEKO was chosen as the

best method for the present study.

The development of the numerical model of a typical 1-18 GHz DRGH antenna in FEKO
was then presented in detail. The dimensions for the electromagnetic model were obtained
from a Solid Works model of the antenna. The electromagnetic model includes dielectric
materials for the N-type connector. The effect of dielectric sidewalls on the performance of
the antenna was also investigated in simulation. The model uses a waveguide feed, which

is an improvement over other models that used less accurate feeding methods.

Development of an accurate mesh from the CAD (Computer Aided Design) model is a
very important step in development of an accurate numerical model. Important parameters
such as the mesh sizes, homogeneity and precision were subsequently investigated in this

chapter.

Finally comparison with measured data showed excellent agreement with the numerical

model and therefore the model has been validated.
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CHAPTER 4 MODELING OF MECHANICAL DEFECTS
AND SIMULATION RESULTS

4.1. Introduction

A detailed description of the mechanical defects implemented in the basic numerical model
is presented in this chapter. The typical defects observed in the manufacture of this antenna
type are discussed as well as possible origins of the defects. The simulated results for the
numerical model with the implemented mechanical defects are then presented and the
effects of the defects on the performance of the antenna characterised. These results are
compared to typical measured results and a number of observations are made with regard

to which areas exhibit the highest sensitivity to tolerances.

In Section 4.2 a short discussion is given on the investigation into the cause of resonant
behaviour in the 1-18 GHz Double Ridge Guide Horn (DRGH) antenna. Section 4.3

presents representative measured results of 1-18 GHz DRGH antennas with severe
resonance problems in the boresight gain and VSWR. Results are also presented for the

variation in boresight gain for a number of production antennas.

In Section 4.4 the implementation of gaps typically encountered during the mass
production and assembly of DRGH antennas are presented. These gaps were incorporated
into the very detailed FEKO model presented in the previous chapter. It is important to
note that all the gaps included in the numerical model are ideal in the sense that they have
constant dimensions and are symmetrical (in order to exploit symmetry and reduce
computation time). In practice the gaps would not necessary be symmetrical and most
certainly not ideal. After the implementation of each gap is presented, the simulation
results are also given. The effects of the defects on the performance of the antenna are
evaluated and discussed. These results are compared to typical measured results and a
number of observations are made with regard to which areas are the most sensitive to

tolerances.

Finally the chapter is concluded in Section 4.5 with a summary of the most important
observations made in this chapter.
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4.2. Investigation into the cause of resonant behaviour

It is hypothesised that tolerances in machining and misalignment in assembly leads to
significant performance deterioration and more specific resonant behaviour. Manufacturing
tolerances can lead to small variations in the dimensions of the parts. For example the ridge
width might be larger than desired by 0.1 mm. Since the numerical model was made
completely parametric it is easy to study the effects of small variations on the dimensions
of the parts itself. In this dissertation the focus was on how gaps that are formed in the
assembly of various parts with slight tolerances, lead to performance deterioration and not
a sensitivity investigation on the parts itself. This type of study necessitated the addition of
geometrical features depending on the type of gap considered. The features were

implemented to be parametric for a complete sensitivity analysis.

A number of sections where gaps could be formed were identified. The antenna was
divided into two main sections, namely the flared waveguide section and the waveguide
launcher section for the purpose of the parametric study on the effect of manufacturing and
assembly tolerances on the performance of a DRGH antenna. Various gaps were
implemented in the flared waveguide section. These included gaps at the interfaces
between the waveguide flares and sidewalls with the waveguide launcher section and
ridges. It will be shown in this chapter that these gaps produced no significant effect on the
VSWR and gain performance of the 1-18 GHz DRGH antenna. Gaps in the coaxial feed
and waveguide launcher section were found to have the most pronounced effect on the
performance of the antenna. Since dimensionally most of the gaps implemented are very
small (0.5-0.05 mm) when compared to the rest of the model, it is very difficult to show
how the gap is formed. Therefore pictures that indicate oversized gaps will be shown for
clarity.

4.3. Measured results

Typical measured deterioration in the performance for mass produced DRGH antennas are
illustrated in Figure 4.1 and 4.2. The measured gain data for two different 1-18 GHz

DRGH antennas are shown in Figure 4.1 with severe resonances occurring in the vicinity
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of 7 and 14 GHz. This figure shows that one of the antennas in fact has two resonances.

Typical VSWR traces are shown in Figure 4.2.

20

Gain [dBi]

Frequency [GHZ]

Figure 4.1 Typically measured gain results of production antennas with severe performance

deviations (resonance effects).

Frequency [GHZ]

Figure 4.2 Typically measured VSWR results of production antennas with severe performance

deviations (resonance effects).

It should be noted that the VSWR and gain traces of Figures 4.1 and 4.2 are not for the
same antennas. It is also evident that the resonances are not at exactly the same
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frequencies. Representative data was chosen from the measured data available to illustrate
the problem. Some of these antennas were disassembled and reassembled a number of
times. In the process the resonances would shift in frequency or disappear, the cause being
unknown. Figures 4.3 to 4.7 show the the typical measured results between experiments for

5 production antennas.

Boresight gain of production antenna 1
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Figure 4.3 Typically measured gain results of production antenna 1.

Boresight gain of production antenna 2
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Figure 4.4 Typically measured gain results of production antenna 2.
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Boresight gain of production antenna 3

m |
S, l
£ ‘ l
5 : :
O | | | | | |

6 — —200802-28 S S I S

41| ——2008-03-03 | -~~~ R R A P .

o 20080307 | o o o o |
—— Final ;r ;r ;r i i
0 | | | | | | | |

2 4 6 8 10 12 14 16 18

Frequency [GHZ]

Figure 4.5Typically measured gain results of production antenna 3.

Boresight gain of production antenna 4
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Figure 4.6 Typically measured gain results of production antenna 4.
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Boresight gain of production antenna 5
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Figure 4.7 Typically measured gain results of production antenna 5.

With a lot of effort a number of antennas could be produced that had no deep resonances.
The performance is, however, still far from desirable with a fair amount of gain variation

between production antennas, especially in the vicinity of 14 GHz, see Figure 4.8.
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Figure 4.8 Typically measured gain variation of production antennas after significant tuning.
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A single antenna from the first production batch that did not have any visible resonance
effects when measured was chosen as the reference antenna. The boresight gain of this
antenna is compared to the simulation model can be seen in Figure 3.23 and the VSWR in

Figure 3.24 in the previous chapter.

4.4. Implementation of and simulated results for numerical model with gaps

4.4.1. Simulated results for reference model

Figure 3.23 shows the simulated co-polarised boresight gain results for the FEKO model of
the 1-18 GHz DRGH antenna. Figure 3.24 shows the simulated VSWR. These two
parameters were calculated at 86 equally spaced frequency steps between 1 and 18 GHz.
Less simulation points would not give enough resolution to observe possible resonances.
Mostly only the boresight gain was calculated in simulation as this parameter clearly
shows the performance deterioration due to gaps. Calculation of the VSWR parameter in
FEKO doubles the simulation time and therefore the effect on this parameter was only
calculated for a small number of cases. As mentioned previously the various mechanical
defects investigated were included in this model and therefore all the data in the next

sections will be compared to these graphs.

4.4.2. Gaps in the flared waveguide section

4.4.2.1Gap between H-plane flares of waveguide and waveguide launcher

A gap can form between the H-plane flare and waveguide launcher section if the mounting
holes for the ridges and H-plane flares had been incorrectly machined or aligned. It can
also form if the dimensions of the flare are incorrect and the flare is not aligned properly to
the waveguide launcher (see Figure 4.9). This type of gap was simulated in FEKO with
two flat plates for the faces of the gap as high as the thickness of the H-plane flare. It
should be noted that this gap was only implemented between the top H-plane flare and the

waveguide launcher. The gap was implemented right across the face of the waveguide.

The width of the gap is defined as the distance between the H-plane flare and the

waveguide launcher. This width was adjusted to be 0.05 mm initially and then varied from
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0.1 to 0.5 mm in 0.1 mm steps. Figure 4.10 shows the results from these simulations. When

compared to Figure 3.23 it can be seen that there is no difference between the reference

trace and all the other simulated results. It can be concluded that electrical contact is not

needed between the H-plane flares and the waveguide launcher for proper operation of the

antenna.
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Figure 4.10Boresight gain results for gaps between H-plane flare and waveguide launcher.
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4.4.2.2Gap between E-plane sidewalls of waveguide and waveguide launcher

If the E-plane sidewall is not properly aligned to make contact with the waveguide
launcher, a gap forms between the sidewall and the front face of the waveguide launcher
(see Figure 4.11). This might be due to incorrect dimensions on either parts or due to
incorrect alignment in assembly. Incorrect alignment may result from human error or faults
in machining of the mounting holes. This was simulated in FEKO by removing a small
strip from the first grid of the sidewall. Gaps were implemented on both sides of the FEKO
model since a magnetic symmetry plane was implemented for the antenna’s E-plane to
allow faster simulation. The width of the gap is defined as the distance between the
sidewall first grid line and the waveguide launcher. This width was varied from 0.1 to 0.5

mm in 0.1 mm steps.
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Figure 4.11 Gap between E-plane sidewalls and waveguide launcher.

Figure 4.12 shows the results from these simulations. When compared to Figure 3.23 it can
be seen that there is no difference between the reference trace and all the other simulated
results. It can be concluded that electrical contact is not needed between the E-plane

metallic grid sidewalls and the waveguide launcher for proper operation of the antenna.
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Figure 4.12Boresight gain results for gaps between E-plane sidewalls and waveguide launcher.

4.4.2.3Gap between E-plane sidewalls and H-plane flares

If the E-plane sidewall is not properly mounted to the H-plane flares small gaps can form
between the faces (see Figure 4.13). This can also occur when the angles at which the sides
of the H-plane flare was machined is incorrect. Most probably this type of gap would not
be across the whole interfadbere might be connectivity in some sections. The gap was
implemented to be across the entire interface between the H-plane flare and the E-plane
sidewall with faces the height of the H-plane flares' thickness for the sake of simplicity.
Gaps were implemented on both sides of the magnetic symmetry plane. The width of the
gap is defined as the distance between the E-plane sidewall grids and the H-plane flare
interface on which the sidewall is mounted. This width was adjusted to be 0.05 mm

initially and then varied from 0.1 to 0.5 mm in 0.1 mm steps.
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H-plane flare
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|E-plane sidewall .

Figure 4.13Gap between E-plane sidewalls and H-plane flares.

Figure 4.14 shows the results from these simulations. When compared to Figure 3.23 it can
be seen that there is no difference between the reference trace and all the other simulated
results. It can be concluded that electrical contact is not needed between the E-plane

metallic grid sidewalls and the H-plane flares for proper operation of the antenna.
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Figure 4.14Boresight gain results for gaps between E-plane sidewalls and H-plane flares.

Department of Electrical, Electronic and Computer Engineering 58

© University of Pretoria



(@

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Chapter 4 Modelling mechanical defects and simulation results

4.4.2.4Gap between H-plane flares and ridges

If some of the dimensions of the ridges were incorrectly machined, a gap can form when
assembling the ridge to the H-plane flare (see Figure 4.15). As with the previous gap this
type of gap would probably not be across the whole interface, there might be connectivity
in some sections. Again the gap was approximated by a gap across the entire interface
between the ridges and H-plane flare for the sake of simplicity. It should be noted that this
gap was only implemented between the top H-plane flare and the top ridge. The width of
the gap is defined as the normal distance between the ridge interface onto which the H-
plane flare is mounted and the H-plane interface that is mounted onto the ridge. This width

was adjusted to be 0.05 mm initially and then varied from 0.1 to 0.5 mm in 0.1 mm steps.

H-plane flare

Figure 4.15Gap between H-plane flares and ridges.

Top Ridge —

]

Figures 4.16 and 4.17 show the results from these simulations. When comparing Figure
4.16 to Figure 3.23 it can be seen that there is no difference between the reference trace
and the other simulated results for smaller gaps. In the case of larger gaps as presented in
Figure 4.17 the gain ripple at 11 GHz increases slightly in magnitude. The gaps in Figure
4.17 are quite large already and would be easily recognisable when inspecting the antenna.
It can be concluded that a slight loss of electrical contact between the ridges and the H-

plane flares would not be detrimental to the performance of the antenna.
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Figure 4.16Boresight gain results for gaps between ridges and H-plane flares.
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Figure 4.17Boresight gain results for gaps between ridges and H-plane flares.

4.4.3. Gaps in the waveguide launcher section

4.4.3.1Gap between wedges and flares

Gaps can form between the launcher wedges and the flares when the wedges are too small

(in cross sectional width) or when the top and bottom flares do not make good contact with
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one another and the gap between them is thus larger than usual. Figure 4.18 shows how
gaps were implemented between the side faces of the wedge and the front faces of the
launcher flares. These gaps were implemented on both sides of the magnetic symmetry
plane (E-plane) as well as on both sides of the wedges. The width of the gap is defined as
the distance between the wedge and the interface of the waveguide flare that connects with
the wedge. This width was adjusted to be 0.05 mm initially and then varied from 0.1 to 0.5

mm in 0.1 mm steps.

; Wedge
| Launcher flares \
v
- = Backshort
B \
Section A
Gap

Figure 4.18Gap between wedges and flares.

Figures 4.19 and 4.20 show the results from these simulations. With reference to Figure
3.23, these gaps cause small notches in the boresight gain to develop at approximately
10.5, 14 and 15 GHz with the notches deepening with an increase in gap size. At 14.5 and
18 GHz the gaps cause variations in gain with the gain increasing with an increase in the
gap dimension. The gain in the lower frequency band remains largely unaffected. It is
concluded that good electrical contact is necessary between the wedges and flares in the

waveguide.
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Figure 4.19Boresight gain results for gaps between wedges and waveguide flares.
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Figure 4.20Boresight gain results for gaps between wedges and waveguide flares.

4.4.3.2Gap between backshort and waveguide launcher

Typically gaps can be encountered in practice when the tolerances on the launcher wedges
and flare parts are such that the interface with the front face of the backshort is irregular

and not perfectly flat. Figure 4.21 shows how the gap is formed in the assembly. The gap is
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thus formed between the front face of the backshort and the bottom faces of the launcher
flares and wedges. This gap was implemented in FEKO with a parametric width that could
be adjusted to be across the entire backshort face (only connected at the edges) or only a
fraction of the backshort face. Two variations of this type of gap were implemented. In the
initial simulations the gap was implemented across the entire backshort face with only the
edges of the backshort connected to the bottom of the waveguide assembly. The other gap
was applied across two thirds of backshort’s smaller dimension and half of the backhort’s
larger dimension. Thus the gap forms approximately a rectangle of 20 by 40 mm which is
symmetric with regards to the E-plane. The width of the gap is defined as the distance
between the backshort and the mating interface of the waveguide launcher assembly onto
which the backshort is mounted. This width was adjusted to be 0.05 mm initially and then

varied from 0.1 to 0.5 mm in 0.1 mm steps.

Launcher flare \

. 7%
Backshort ‘

Gap

Figure 4.21Gap between backshort and waveguide launcher.

Figures 4.22 and 4.23 show the results from the simulations in which the gap is across the
entire backshort face. Figures 4.24 and 4.25 show the results from the simulations in which

the gap is only across a part of the backshort face.

When comparing Figure 4.22 and Figure 4.23 with Figure 3.23, it can be seen that sharp
notches in the boresight gain is formed at approximately 14, 14.5, 16, 17.5 and 18 GHz. A

smaller notch forms around 9 GHz. The lower band remains largely unaffected.
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Figure 4.22Boresight gain results for gaps between backshort and waveguide launcher (gap across

whole interface).
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Figure 4.23Boresight gain results for gaps between backshort and waveguide launcher (gap across

whole interface).

For the gap only across a part of the interface (Figures 4.24 and 4.25) there is only one
resonance that forms at 16 GHz as the gap size increases. Furthermore the gain drops at
14.5 GHz and increases at 18 GHz with an increase in gap size. It is concluded that good
electrical contact is necessary between the backshort and waveguide launcher, however, if
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the gap is small and only across a part of the interface the deterioration in performance is

not that significant.

20— 1 1

E

S,

[

‘©

o 1 1 1 1 1 1
e e o]
4 77777 o Gap 0.05 mm|
2 77777 L L L Gap 0.1 mm |

| —©Gap0.2mm

O I I | I I | | |
1 2 4 6 8 10 12 14 16 18

Frequency [GHZ]

Figure 4.24Boresight gain results for gaps between backshort and waveguide launcher (gap across

part of interface).
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Figure 4.25Boresight gain results for gaps between backshort and waveguide launcher (gap across

part of interface).
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4.4.3.3Gap between backshort and wedges

Gaps can be formed when the launcher wedges do not seat properly on the bottom and top
launcher flares (see Figure 4.26). This can happen when tolerances on the angle of the flare
or the angle of the undercut that enables the wedge to seat on the flares, are not sufficiently
tight. The result is a gap between the bottom face of the wedge and the top face of the
backshort. Gaps were implemented on both sides of the magnetic symmetry plane. The
width of the gap is defined as the distance between the mating interfaces of the wedge and
backshort respectively. This width was adjusted to be 0.05 mm initially and then varied
from 0.1 to 0.5 mm in 0.1 mm steps.

Figures 4.27 and 4.28 show the results from these simulations. This type of gap had very
little effect on the boresight gain. Only the gain at 18 GHz was influenced for gaps
between 0.05 and 0.5 mm. It seems that the performance of the antenna is not as sensitive
to good electrical contact between the wedges and the backshort interface as compared to

gaps in other areas.

Launcher flares \

Backshort
Gap

Figure 4.26 Gap between wedge and backshort.
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Figure 4.27Boresight gain results for gaps between backshort and wedge.
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Figure 4.28Boresight gain results for gaps between backshort and wedge.

4.4.3.4Gap between ridges and feeding section

Figure 4.29 shows how the gaps in the feeding section were implemented. These gaps can

form between the interfaces of the bushes and the ridges due to a number of reasons.
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Figure 4.29Gap between ridges and feeding section.

Firstly tolerances in the machining process can lead to gaps. The way in which the shaft
(into which the bushes fit) in the ridges was machined can lead to gaps. If the shaft was
drilled after the ridge was machined, the drill will tend to bend away when it passes the
point where half of the drill is in the air and the other half in the ridge. The use of grub
screws to keep the bushes in place inside the shaft can lead to bending of the bushes which
in turn can lead to gaps. Individual gaps were implemented in the top and bottom ridges of
the model, respectively. The gaps were implemented to be symmetric in the E-plane. The
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width of the gap is defined as the distance between the mating interfaces of the ridge and
the bush respectively. The length of the gap is defined as the length along the bush that the

gap is applied to. Gaps were implemented in the top, bottom and both ridges respectively.

Gain [dBI]

Frequency [GHZ]

Figure 4.30Ridge bush gap only in top ridge. Gap is 0.1 mm.

Figures 4.30 to 4.32 show the results for gaps of 0.1, 0.05 and 0.02 mm implemented in the
top ridge. The length of the gap was varied between 5 — 10 mm in 1 mm steps. This type of
gap causes narrow deep resonances in the boresight gain at different frequencies depending
on the length of the gap. As the gap length is increased the resonance frequency decreases.

Also it seems that as the gap width decreases the resonance becomes smaller.
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Figure 4.31Ridge bush gap only in top ridge. Gap is 0.05 mm.
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Figure 4.32Ridge bush gap only in top ridge. Gap is 0.02 mm.

Figures 4.33 to 4.35 show the results for gaps of 0.1, 0.05 and 0.02 mm implemented in the
bottom ridge. The length of the gap was varied between 5 — 10 mm in 1 mm steps. This
type of gap also causes narrow deep resonances in the boresight gain at different

frequencies depending on the length of the gap. As the gap length is increased the
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resonance frequency decreases. As was the case with the top ridge it seems that decreasing

the gap width reduces the resonance size.
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00— —emm
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Figure 4.33Ridge bush gap only in bottom ridge. Gap is 0.1 mm.

When comparing these figures to the results for the gap in the top ridge it can be seen that
the results are very similar and both types of gaps produce resonances at nearly the same

frequency depending on the length of the gap.

Gain [dBi]

Frequency [GHZ]

Figure 4.34Ridge bush gap only in bottom ridge. Gap is 0.05 mm.
71
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Gain [dBI]

Frequency [GHZ]

Figure 4.35Ridge bush gap only in bottom ridge. Gap is 0.02 mm.

Figures 4.36 to 4.38 show the results for gaps of 0.1, 0.05 and 0.02 mm implemented in
both the ridges respectively. The length of the top gap was held constant at 5 mm. The

length of the bottom gap was varied between 6 — 10 mm in 1 mm steps.

The double gap causes two narrow deep resonances in the boresight gain at different
frequencies depending on the length of the gap (compare this result with the measured
results of Figure 4.1). One of the resonances is constant at about 14.5 GHz. Since the
length of the top gap was held constant it is believed that this resonance is due to the top
gap. It is interesting to note that for the simulation of the single top gap, the resonance is at
approximately 15 GHz. Thus it seems that the presence of the bottom gap has shifted the
resonance of the top gap slightly lower in frequency. On the other hand when comparing
Figure 4.36 with Figure 4.33 it seems as if the bottom gap is unaffected by the presence of

the top gap since the resonance is at approximately the same frequencies.

Again as the gap length is increased the resonance associated with the bottom gap shifts
lower in frequency, and as the gap width decreases the resonances become smaller. In fact
the resonance, due to the top gap, has shifted to 13 GHz for the 0.02 mm gap width case
and is nearly nonexistent. Thus it seems that the effect of the bottom gap dominates the top

gap’s resonance for small gap widths.
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Chapter 4

Frequency [GHZ]

Figure 4.36Ridge bush gap in both ridges. Gap width is 0.1 mm. Top gap length held constant at 5

mm. Length varied in bottom ridge.

Frequency [GHZ]

Figure 4.37Ridge bush gap in both ridges. Gap width is 0.05 mm. Top gap length held constant at

5 mm. Length varied in bottom ridge.
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Chapter 4 Modelling mechanical defects and simulation results

Gain [dBI]

Frequency [GHZ]

Figure 4.38Ridge bush gap in both ridges. Gap width is 0.02 mm. Top gap length held constant at
5 mm. Length varied in bottom ridge.

Figure 4.39 shows a comparison of a typical measured boresight gain result with a typical
simulated result for a ridge bush gap. This specific ridge bush gap was implemented in the
bottom ridge with a width of 0.05 mm and length of 5.25 mm. The results compare well
and differences might be as a result of the presence of other types of gaps or tolerances in

the manufactured antenna.

Figure 4.40 shows a comparison of a typical measured VSWR result with a typical
simulated result for a ridge bush gap. This specific ridge bush gap was implemented in the
bottom ridge with a width of 0.05 mm and length of 5.75 mm. The resonances are not at
exactly the right frequency which means that the simulation would have to be rerun with a
gap length somewhere between 5.25 and 5.75 mm. This figure shows that the same effect

that is observed in the boresight gain can be observed in the VSWR as well.
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Figure 4.39Boresight gain comparison between typical measured and simulated gain for antenna
with ridge bush gap in bottom ridge 0.05 mm wide and 5.25 mm long.
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Figure 4.40VSWR comparison between typical measured trace and simulated VSWR for antenna
with ridge bush gap in bottom ridge 0.05 mm wide and 5.75 mm long.

In FEKO the current data is readily available, while the near field data have to be

calculated since MoM calculates currents unlike FDTD, which calculates E and H fields on

a grid.
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Chapter 4 Modelling mechanical defects and simulation results

Figure 4.41Current distribution at 15 GHz for the basic model (left) and model with a gap that
resonate at 15 GHz (right).

The currents for a gap in the top bush-ridge interface were compared to the basic model
without gap (see Figure 4.41). The gap is implemented in the top-ridge bush interface and
causes a resonance at 15 GHz. It was found that at frequencies far from the gap a
significant quantity of current is transported along the inner coax and flows onto the ridges

thus causing fields between the ridges and allowing radiation. Near the gap (starting at
approximately 14 GHz and ending at 17 GHz) the currents starts to get trapped inside the
gap and at 15 GHz no current flows along the ridges and a standing wave is developed on

the feed coax which explains the lack of radiation and large VSWR resonance.

4.5. Summary

At the beginning of this chapter representative measured results for 1-18 GHz DRGH
antennas with extreme performance deviations (resonance effect) were presented.Various
gaps were implemented in the FEKO model of the 1-18 GHz DRGH antenna developed in
Chapter 3. The antenna was divided into two main sections, namely the flared waveguide

section and the waveguide launcher section for the purpose of the parametric study on the
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effect of manufacturing and assembly tolerances on the performance of a DRGH antenna.
Typical gaps in the flared waveguide section included gaps at the interfaces between the
waveguide flares and sidewalls with the waveguide launcher section and ridges. It was

shown in this chapter that these gaps produced no significant effect on the VSWR and gain
performance of the 1-18 GHz DRGH antenna. Typical gaps in the waveguide launcher

section included gaps between the wedges, launcher flares, backshort and ridge-bush
interface. These gaps were found to have the most pronounced effect on the performance

of the antenna.

The observations made for the simulation results in this chapter can be summarised as

follows:

 Gaps in the flared waveguide part of the DRGH antenna do not contribute
significantly to deterioration in performance. Gaps in the waveguide launcher
section, however, can cause significant deterioration in performance.

» Gaps between the ridge-bush interfaces are the main causal agent for sharp deep
boresight gain resonances. These resonances can also be observed in the VSWR.

* The length and width of the ridge-bush gaps controls the magnitude and location
(in frequency) of the resonances. Multiple resonances can be caused if there are
gaps in both the ridges. These gaps interact with each other.

 The typical resonance effects observed in measurement could be recreated

accurately in simulation.

In conclusion, the hypothesis that the main source of performance deviations, most notably
resonances in gain and VSWR, is the coaxial feeding section and the interface of this

section with the ridges was confirmed by the results in this chapter.
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CHAPTER 5 IMPROVEMENTS IN DESIGN TO REDUCE
THE EFFECT OF MANUFACTURING TOLERANCES

5.1. Introduction

The main conclusion from the parametric study in the previous chapter is that the ridge-
bush gaps in the feeding section are the dominant parameter affecting the performance of
Double Ridge Guide Horn (DRGH) antennas. The ridge-bush gaps cause sharp, deep
resonances in boresight gain and VSWR. Performance deterioration is also experienced by
the presence of other gaps in the launcher section, though not as significantly as with the
ridge-bush gap. The elimination of gaps in the waveguide launcher and especially the
coaxial feeding section is thus critical for the repeatable manufacturing of high
performance DRGH antennas.

WR ~ -

J AT
- /

y

Figure 5.1 New improved 1-18 GHz DRGH antenna design.

Section 5.2 shows how an antenna with extreme resonance effects can be repaired using
the knowledge from the previous chapter. In Section 5.3 a new improved 1-18 GHz DRGH

antenna, shown in Figure 5.1, was designed using the numerical model of Chapter 3 and
the results from Chapter 4 with regard to the tolerance sensitive areas of the traditional 1-

18 GHz DRGH antenna. This design has fewer parts and some of the parts were redesigned
to reduce the possibility of gaps. The performance of the antenna has also been improved
compared to current state of the art designs. The simulated and measured results for this
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Chapter 5 Improvements in design to reduce the effect of manufacturing tolerances

design are presented in Sections 5.4 and 5.5 respectively. Section 5.6 presents a short

summary of this chapter.

5.2. Method of repairing antennas with extreme resonance effects

With the results of the previous chapter in mind, one of the pre-production prototypes that
had a sharp deep resonance in the boresight gain was re-measured. After this re-
measurement the backshort was removed from this antenna and conductive, silver loaded
epoxy applied to the ridge-bush interface without disassembling the antenna. The
backshort was replaced and the antenna was then re-measured in the same setup. The

results for this experiment can be seen below in Figure 5.2.

20

Gain [dBi]

— Prototype with resonanc
20 Prototype fixed

o1 2 4 6 8 10 12
Frequency [GHZ]

Figure 5.2 Boresight gain comparison between prototype with resonance effect and same

prototype with conductive epoxy applied to ridge-bush interface.

From this figure it is clear that the sharp deep resonance in boresight gain at approximately
13.5 GHz has been removed by the application of the conductive epoxy. Therefore the
hypothesis that gaps between the ridge-bush interface causes sharp deep boresight gain
drops was confirmed with numerical simulation as well as a measured experiment. This
also shows that antennas with extreme resonance effects in the boresight gain and or
VSWR can be repaired by application of conductive epoxy to the sensitive areas as

identified in the previous chapter.
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Chapter 5 Improvements in design to reduce the effect of manufacturing tolerances

5.3. New design with reduced sensitivity towards manufacturing tolerances

The coaxial feeding section was improved by incorporating the bushes that form the outer
conductor and termination of the inner conductor into the top and bottom ridges,
respectively (see Figure 5.3). This integration of coaxial line with the top and bottom
ridges would eliminate the use of bushes and the resulting gaps in the feeding section of
the DRGH antenna. The main disadvantage of this approach is that top and bottom ridge
will no longer be identical. Although the ridge profile can remain unaltered, different parts

are required for the top and bottom ridges.

&

Figure 5.3 Redesigned top ridge with incorporated bush.

The hole in the top ridge has a size corresponding to@ &@axial airline in relation to
theinner conductor. The bottom ridge is machined in such a way that custom made spring
fingers can be inserted into the ridge in order to capture the inner conductor with good
electrical contact. The application of conductive epoxy to the critical areas identified in the
parametric study further significantly reduce any effects on antenna performance caused by

manufacturing and assembly tolerances.

Then the waveguide feeding launcher was redesigned with two purposes in mind. The first
was to reduce the number of subsections in this assembly to the minimum thereby
eliminating possible sources of gaps. The second was to redesign the waveguide launcher
in such a way as to eliminate the pattern deterioration at the higher frequencies typically
experienced by the traditional design. It was clear from previous studies and the new
designs suggested in [18 - 20] that the waveguide launcher section is the main source of

modes that cause pattern deterioration. A parametric study was performed to find the
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optimised dimensions for this new feeding section. The new waveguide launcher section
consists of only one section that can be machined with a 5 axis Numerically Controlled
(NC) machine. Figure 5.4 below shows the geometry of the new waveguide launcher

section.

T

Figure 5.4 New waveguide launcher section.

The new waveguide launcher section design changed the impedance of the waveguide
launcher and therefore the ridge profile had to be adjusted to ensure a good match at the
aperture of the horn antenna. It is important to note that the antenna dimensions were not
made smaller as in the design presented in [18]. Especially the aperture was kept the same
as the traditional antenna to still conform to the MIL standard specification. Furthermore

the metallic grid type sidewalls were retained to ensure better gain at the low end of the

band. The waveguide launcher section was able to suppress all higher order modes even

without scaling the antenna smaller and removing the sidewalls.

It was decided to make the coaxial feed length a function of the new waveguide launcher
design. Therefore the coaxial feed length was determined by the ridge gap, waveguide
launcher height and thickness of the waveguide launcher walls. This also makes for an
easier design. Increasing or decreasing the length of the coaxial feed would either lead to
extra machining steps or using a larger billet of material to machine the waveguide

launcher (see Figure 5.5).
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Figure 5.5Launcher section (left), with a shorter feed (centre), with a longer feed (right).

Two simulations were run to test the effect of varying the feed length. The results show

that variation of the coaxial feed length does not influence the boresight gain as is expected
(Figure 5.6). The VSWR is influenced (see Figure 5.7). For the shorter and longer feed

lengths the VSWR ripple increases in magnitude, especially at 18 GHz.

20

5 .
Al | |
c : :
« | |
O : :
4t New Design 77777 777777 77777 B
ol —t— Coax feed longer 5 mn]”i 77777 L . |
—©— Coax feed shorter 2 mm
O 1 | 1 1 | 1 1

1 2 4 6 8 10 12 14 16 18
Frequency [GHZ]

Figure 5.6 Boresight gain of new design with variation in coaxial feed lengths.
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New Design
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Frequency [GHZ]

Figure 5.7.VSWR of new design with variation in coaxial feed lengths.

Simulated and measured results for the new improved design

5.4.

This section presents the simulated and measured results for the new design. Figure 5.8

shows the meshed FEKO model of the antenna

e

i e v e svad A AN ANAVAVAVAVAVAVAVAVAVAVAVAVAYA

Figure 5.8 Meshed FEKO model of the new improved 1-18 GHz DRGH antenna.
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The simulated three dimensional radiation pattern at 18 GHz of the new design can be seen
in Figure 5.9. The four off-axis sidelobes are just starting to form, the main beam is still,
however, well defined and directed on axis.

Figure 5.9The simulated three dimensional radiation pattern at 18 GHz of the new design.

Two prototypes of the new improved design were fabricated. Figure 5.10 shows one of the
prototypes.

Figure 5.10New improved 1-18 GHz DRGH antenna.
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Figure 5.11Boresight gain comparison between simulated and measured results.
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—— Simulated

5 \
45+

Frequency [GHZ]

Figure 5.12VSWR comparison between simulated and measured results.

Figure 5.11 shows the measured boresight gain of the two prototypes compared to the
simulated results. The simulated and measured gain compares well. The only variations are
a 1l and 1.5 dB gain drop for the measured antennas between 8-10 GHz and at 18 GHz
respectively. The gain is typically 6.5 to 16 dBi, similar to the traditional design. The gain
for the new antenna increases approximately linearly over most of the band and does not
have the sharp gain peak near 16 GHz which is typical of traditional 1-18 GHz DRGH
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Chapter 5 Improvements in design to reduce the effect of manufacturing tolerances

antennas with pattern deterioration. With the old design there were large variations in
performance in the same production batch (see Figure 4.3). The measured results for the
two prototypes are nearly exactly the same. This gives confidence that the new design can

be manufactured repeatedly with the same performance results.

Figure 5.12 shows the measured VSWR of the two prototypes compared to simulated
results. As with the gain the VSWR of the two prototypes track each other extremely well.
The simulated and measured VSWR is also in excellent agreement. The measured results
have slightly more ripple than the simulated results. The VSWR of the measured antennas
is below 2:1 over most of the band with a slight increase at 18 GHz to a max of 2.1:1.

Figures 5.13 and 5.14 show the comparison between the measured and simulated azimuth
and elevation patterns at 1 GHz. At angles between 90° and 270° there is excellent
correlation between the measured and simulated results. In [1] the difference between the
measured and simulated results at the outer angles is attributed to the difference between
the space surrounding the antenna in simulation and measurement. In the simulations this
Is numeric infinite space compared to the finite anechoic chamber volume with weak
scatterers for the measured results [1]. Therefore this can be the same effect observed here.
It is observed that as the frequency increases the comparison at the outer angles improves

somewhat.

—— Simulated
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Figure 5.13Comparison between measured and simulated azimuth patterns (1 GHz).
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Figure 5.14Comparison between measured and simulated elevation patterns (1 GHz).

A comparison between the measured and simulated azimuth and elevation patterns at 6
GHz is shown in Figures 5.15 and 5.16. Figures 5.17 and 5.18 show the comparison
between the measured and simulated azimuth and elevation patterns at 12 GHz and Figures
5.19 and 5.20 shows the comparison at 18 GHz. Overall excellent agreement between

measured and simulated results is observed.
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0 45 90 135 180 225 270 315 360
Angle []

Figure 5.15Comparison between measured and simulated azimuth patterns (6 GHz).
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Figure 5.16 Comparison between measured and simulated elevation patterns (6 GHz).
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Figure 5.17Comparison between measured and simulated azimuth patterns (12 GHz).
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Figure 5.18Comparison between measured and simulated elevation patterns (12 GHz).
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Figure 5.19Comparison between measured and simulated azimuth patterns (18 GHz).
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Figure 5.20Comparison between measured and simulated elevation patterns (18 GHz).

Figure 5.21 shows the co-polarised measurement of the 45° plane of one of the prototype
antennas. This figure clearly shows that sidelobes are just starting to form, but the main
beam is still directed on boresight. It is therefore clear that this antenna does not have
pattern break-up in the high band as observed in the traditional 1-18 GHz antenna. The
antenna also has more gain and better VSWR when compared to the current state of the art
1-18 GHz DRGH antenna that does not have pattern break-up [18].
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Figure 5.21Measured co-polarised pattern in 45° plane (18 GHz).
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Chapter 5 Improvements in design to reduce the effect of manufacturing tolerances

5.5. Summary

In this chapter it was shown how a 1-18 GHz DRGH antenna with extreme resonance
effects in the boresight gain and or VSWR can be repaired by application of conductive
epoxy to the sensitive areas as identified in Chapter 4. The new improved 1-18 GHz design
presented has significantly fewer parts especially in the waveguide launcher section. This
reduces the possibility of gaps substantially. The measured results from two prototype
antennas manufactured using the new improved design compares well to simulated results.
Previously with the old design there were large variations in performance in the same
production batch. The measured results for the two prototypes are nearly exactly the same.
This gives confidence that the new design can be manufactured repeatedly with the same
performance results. The antenna also has improved performance compared to the current

state of the art designs.
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CHAPTER 6 CONCLUSION

The main objective of this dissertation was to investigate and characterise the effect that
gaps between parts of the 1-18 GHz Double Ridge Guide Horn (DRGH) antenna has on
performance of the antenna. Knowledge of which areas are most sensitive was required in
order to suggest improvements that will assist in the mass production of the 1-18 GHz
DRGH antenna.

The literature study conducted in Chapter 2 revealed that although a number of studies
have been done on the sensitivity problems of wideband DRGH antennas, no study could
be found that investigated the effects of small gaps between the various parts of the

antenna and methods to effectively address such effects.

A numerical model of the 1-18 GHz DRGH antenna was developed in FEKO and was
presented in Chapter 3. This model was validated using measured data of a carefully
constructed DRGH antenna. The antenna measured was assembled with care to reduce any
effects from manufacturing or assembly tolerances. Comparisons between measured and
numerical boresight gain and VSWR for this DRGH antenna showed excellent agreement

between measurement and simulation.

The various types of gaps implemented in the FEKO model of the 1-18 GHz DRGH
antenna as well as the simulation results were presented in Chapter 4. Based on the results
of this parametric study, a redesigned coaxial feeding section was proposed in Chapter 5 to
reduce/eliminate the effects of the manufacturing and assembling tolerances on the
performance of a typical DRGH antenna. The waveguide launcher section as well as the
ridges were also redesigned to reduce the possibility of gaps, reduce the number of parts as

well as improve the performance of the antenna.
In conclusion, the hypothesis that the main source of performance deviations, most notably

resonances in gain and VSWR, is the coaxial feeding section and this section’s interface
with the ridges, was confirmed by the results in Chapter 4.

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

Chapter 6 Conclusion

6.1. Contribution to the improvement of DRGH antennas

A short summary of the contributions made by this study is given below:

* An improved numerical model with dielectric materials for the N-type connector
was developed.

* A comprehensive investigation of manufacturing tolerances with specific emphasis
on the effect of gaps was presented.

» The causal relationship between gaps and resonance effects was established.

* Methods to repair antennas with performance deviations were presented.

« A new improved design less sensitive to manufacturing tolerances and with

improved performance was developed.

6.2. Future work

While conducting this study the following future research needs with regard to DRGH

antennas were identified:

Constant beamwidths: There is a pressing need in a variety of applications for wideband
antennas that has nearly constant (frequency independent) beamwidths. Therefore research
can be done to develop a wideband DRGH antenna with more constant beamwidths over
such a wide band. Such an antenna would be well suited for use as a feed in wideband
reflector antennas and Direction Finding (DF) systems.

Increased bandwidth DRGH antennas:The trend in modern Electronic Warfare (EW)
systems is for ever increasing wideband coverage. Typically previous EW bands were 2-18
GHz which has now increased to 0.5 -18 GHz systems. There is also a need for solutions
that cover these bands in a single antenna. For measurement purposes this means that there
is a need for source and calibration antennas that can operate over a very wide band. A
wideband source drastically reduces measurement time and therefore costs. Future work
would therefore be to increase the bandwidth of the new improved DRGH antenna design
at least to 0.75 -18 GHz.
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