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Abstract

This thesis describes the development of a log-periodic waveguide feed antenna
from concept to design and finally to prototyping and testing. An electromagnetic
simulator (CST) was used to evaluate different design concepts and a design based
on a nested coaxial waveguide structure was selected. A design was developed
that included a common excitation structure for all the waveguides and an aper-
ture matching structure that scales periodically with frequency. In the design, each
waveguide has a bandwidth ratio of 2:1 and the total bandwidth of the design is 1
GHz to 8 GHz. A physical model was created using the SolidWorks design soft-
ware and a prototype was manufactured and tested. Simulation results were in
good agreement with the experimental results over the majority of the antenna’s
bandwidth. The antenna design had good farfield patterns across most of the an-
tenna’s bandwidth with frequency-specific farfield issues. The return loss of the
antenna varied greatly with frequency, being greater than 2 dB across the entire
bandwidth of the antenna and greater than 6 dB for the majority of the bandwidth
of the antenna. There were significant difficulties in achieving a good return loss at
the aperture which limited the return loss of the antenna. This work demonstrates
the potential of employing a nested coaxial waveguide structure for wideband feed

applications.
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Co-polarization In linear polarization, the component of the radiation parallel to

the desired polarization.
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tion of the Fourier transformation can then produce the power spectrum of
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Cutoff Frequency The frequency at which a waveguide mode will propagate in an
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Directivity The ratio of the power density in a given direction from the antenna
over the power density averaged over all directions. If the direction is not
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pp-171.
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cutoff frequency.

Electrical Size The dimensions of an object that are used for electrical calcula-
tions. Electrical size is variable and determined by a number of parameters
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E-plane The plane containing the electric field vector at the excitation source.
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in terms of angles from reference planes.
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Field Symmetry Refers to how circularly symmetric the farfield pattern is. In this
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In linear polarization, the H-plane is orthogonal to the E-plane.
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Over-moded A waveguide with modes other than the desired mode propagating

is said to be over-moded.

Phase Centre The centre of a sphere that is the best fit to the electromagnetic

wave front radiated by an antenna.
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Return Loss A measure of how much power is lost as a result of a mismatched
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Radio Interferometry A method of using multiple antennas together simultane-
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Chapter 1

Introduction

This thesis describes the concept, electrical design, and prototype design for a
novel broadband feed antenna. It will present the simulated and experimental re-
sults and the analysis of the design’s performance. Additional background infor-
mation on radio astronomy and antenna design will be included to aid the reader in

understanding the main body of the thesis.

1.1 Rationale

Somewhere, something incredible is waiting to be known.
— Carl Sagan (1934 - 1996)

Humankind has an appetite for knowledge about the universe that is rivalled
in size only by the universe itself. Astronomy provides a unique opportunity to
look into our past and future by looking deep into the skies. As astronomers, radio
astronomers, and astrophysicists look to the sky, it falls to scientists and engineers
to expand existing tools and discover new tools to expand our understanding of
the universe. While conventional astronomers look at the stars with their eyes, and
through lenses and digital cameras, radio astronomers explore the microwave ra-
dio range. Like most branches of science, astronomy has greatly benefited from
improvements in computer technology. For radio astronomy, these improvements
included faster digital signal processors, greater data bandwidth, and improved

correlators. These technologies open the door for implementing broadband sys-



tems with wider frequency ranges than are currently available. Currently, radio
astronomers are interested in the frequency range from 20 MHz to 800 GHz.

These technology improvements have inspired scientists to propose a grand
new radio astronomy project called the Square Kilometre Array (SKA), which is
on a scale orders of magnitude larger than any current system. The SKA is expected
to be a telescope array composed of approximately 250 antennas in phase one and
approximately 2500 antennas in phase two'.

One of the many technical challenges the SKA project faces is the need for a
feed antenna able to efficiently collect signals over a broad frequency range. This
project aims to develop a novel feed antenna for a parabolic antenna to fill this gap
in the current technology. The proposed design is a log-periodic antenna composed
of nested coaxial waveguides. The objective is to design a cost effective broadband
feed with similar performance to conventional narrowband feeds. An antenna with
these qualities would be ideal for a large antenna array such as the proposed SKA.

A broadband feed antenna offers additional benefits over conventional feed
antennas. The broadband feed increases the simultaneous data bandwidth being
collected. This means more information can be collected in the same time period.
Having only one broadband feed instead of many conventional feeds to cover the
same bandwidth eliminates the need to manually or mechanically change the feed
on the antenna in order to observe a different frequency range. Finally, since a
number of feed antennas are being replaced by one feed antenna, the number of

spare parts required to maintain the telescope is reduced.

1.2 Background Information

1.2.1 Antenna Design

An antenna is fundamentally a device that efficiently couples radio waves from free
space to a guided wave structure, such as a waveguide or a coaxial cable, and vice

versa.

Uhttp://www.skatelescope.org/
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1.2.1.1 Reciprocity Property

Many antennas, such as the design created in this project, have the reciprocity
property. This means that at any given frequency the performance of the antenna
is identical whether transmitting or receiving signals. This makes designing and
testing antennas easier, since it is often easier to use an antenna to transmit and
measure its farfield than it is to generate the farfield signal and measure the re-
sults. For this reason antenna designers often use terms derived from transmitting

practice when an antenna is designed explicitly for receiving.

1.2.1.2 Principle of Frequency Scaling

Another interesting property of antennas is that, assuming the antenna is lossless,
the performance scales with size. Specifically, the physical size of the antenna is
inversely proportional to frequency. For example, let f4(freq) be the gain of an
arbitrary antenna as a function of frequency. If antenna B is created by physically

scaling antenna A by a factor of x, then the gain for antenna B would ideally be

fB(freq) = fa(x- freq) . (1.1)

Unfortunately, the frequency scaling principle does not always hold precisely
in practice because of material or machining constraints that may limit size, thick-
ness, and tolerance. These constraints prevent perfect physical scaling. Further, it
is often very difficult and expensive to manufacture small parts with high accuracy.
As aresult there is a practical limit to the frequency scaling principle when scaling

down in size.

1.2.1.3 Periodic Antenna Structures

We now introduce the concept of periodic antenna design as it relates to broadband
applications. The goal of a periodic antenna design is to achieve a significantly
wider bandwidth than conventional antennas provide without compromising the
performance of the antenna. A periodic antenna combines multiple conventional
antennas together into a single antenna design. Often one antenna is designed,

then scaled repeatedly to obtain different frequency ranges. The frequency ranges



overlap slightly such that all the antennas combine to cover a wide continuous fre-
quency range. The frequency range overlap is demonstrated in figure 1.2. A com-
mon class of periodic antennas is the log-periodic antenna, in which every iteration
of the periodic structure is created by scaling the previous iteration by a fixed scal-
ing factor for the entire antenna. Log-periodic antennas take their name from the
exponential growth in the size of the elements and the resulting logarithmic effects
on the operating frequency.

The most common periodic antenna design is the log-periodic dipole array,
as shown in figure 1.3. Log-periodic dipole arrays are described in detail in [15,
pp- 384] and [4, pp. 231]. In a single dipole antenna with length [/, resonance
occurs at a wavelength of A, = 2I. This means the antenna efficiently radiates at a

frequency of

=7 =5 (1.2)
where f. and A. are the centre frequency and wavelength, respectively, and ¢ is the
speed of light. In a log-periodic dipole antenna, a number of dipoles are combined
together in parallel, each with different resonant frequencies, in order to achieve
a larger overall operating bandwidth. As discussed in [23, ch. 13], log-periodic
antenna structures produce farfields with poor symmetry, and as a result are ineffi-

cient when used as a feed for a parabolic antenna.

1.2.1.4 Parabolic Antenna

A parabolic antenna exploits the geometry of a parabola to collect a large amount
of incoming energy and direct it to a feed antenna. The large area of the parabolic
antenna increases the energy collected from free space and allows weaker signals to
be detected. Additionally, from the Fourier transform, we know that large apertures
produce narrow farfield radiation patterns. Specifically the width of the farfield
radiation pattern is proportional to A /D, where A is the wavelength of the signal

and D is the diameter of the parabolic antenna.
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Figure 1.3: Log-Periodic Dipole Array

1.2.1.5 Feed Antenna

A feed antenna is designed to work with a parabolic antenna of a specific focal-
length-to-diameter (f/D) ratio. The feed antenna should ideally deliver power uni-
formly to the entire surface of the parabolic antenna while delivering no power
outside the parabolic antenna. However this uniform step power distribution is im-
possible to achieve in practice. The feed antenna is located with its phase centre at
the focal point of the parabolic antenna to collect the maximum amount of the in-
coming signal, as seen in figure 1.4. Ideally, the phase centre of an antenna should

be frequency independent, although this is also often not achieved in practice.

1.2.2 Radio Astronomy

Radio astronomy is the science of studying the universe through radio waves. One
of the major limitations of ground based observations is that the radio waves must
be able to travel through the earth’s atmosphere. As shown in figure 1.5, there
are two frequency windows of low atmospheric electromagnetic opacity. One of
these windows falls in the optical frequency range, which allows for optical view-
ing of the stars and other celestial objects from the surface of the earth. The second

window of low atmospheric opacity is the frequency range used for radio astron-



Feed Antenna

Parabolic Antenna

Figure 1.4: Parabolic Antenna and Feed Antenna

omy. This window allows for the use of ground based instruments, which are
relatively low cost and easy to construct and maintain compared to satellite based
instruments. For observations in frequency ranges with high atmospheric opacity,
such as the infrared, ultraviolet, and x-ray frequency ranges, satellite based instru-
ments are used. An example of an infrared instrument is the Infrared Astronomical
Satellite (IRAS) [3] and an example of an x-ray/ultraviolet instrument is the Swift

mission [2].

1.2.2.1 Method of Radio Astronomy

The conventional method of radio astronomy is to use a parabolic antenna to reflect
the incoming signal to a feed antenna at the focal point of the dish. The feed
antenna collects the signal and couples it to a low noise amplifier (LNA) via a
coaxial cable. The cable carries the signal from the feed antenna through one or
more stages of LNAs to a correlator. The output of the correlator is digital and is
stored for further processing and analysis.

Radio astronomy is hindered by the fact that the desired information, or signal,
is very weak and much lower than background noise from natural phenomena and
man-made noise sources [14, ch. 1]. To compensate for this, signal measurements
are taken from the same point in space for a long period of time, 12 hours for exam-
ple, and the resulting data is correlated such that the noise is averaged out and what

remains is the desired signal. This procedure assumes that all the noise sources
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are zero mean, such that the expected value is zero over a long time average. Not
all noise sources are zero mean sources. For example, terrestrial interference from
cell towers has power output based on usage, and may not be zero mean. This
noise would not be removed by a simple correlator. This is the reason that radio
observatories are built in regions that have low human electromagnetic activities.
For example, the SKA project is to be built in Southern Africa, New Zealand, and

Australia. These regions have very low levels of terrestrial noise.

1.2.2.2 Radio Interferometry

Radio interferometry is a family of techniques used to combine signals from mul-
tiple antennas to improve antenna performance. The idea being that the resulting
signal has properties that can be used to gain information about the signal source.

One of the common methods of radio interferometry is aperture synthesis.

1.2.2.3 Aperture Synthesis

For a single parabolic antenna, the angular resolution is determined by the diameter
of the antenna dish. In 1946, a technique called aperture synthesis was developed
by Sir Martin Ryle [15, p. 520]. Aperture synthesis allows an array of small an-
tennas to be used together to yield the same performance as a single much larger
antenna. In this way, a larger aperture is synthesized though computation, thus the
technique’s name. The additional antenna dish surface area in the array will collect
more energy which allows weaker signals to be detected. More importantly, the an-
gular resolution can be significantly improved by the larger synthesized aperture.

If an aperture synthesis array records data over time, the orientation of the array
will change relative to the object being observed as the earth rotates. This change
in orientation allows the array to act as additional antenna locations, resulting in
additional observations to apply aperture synthesis to. This is why observations
for aperture synthesis arrays are often taken over a period of 12 hours as this is the
longest observational period that will produce unique observations.

The largest aperture synthesis array telescope in use today is the Expanded
Very Large Array (EVLA) in New Mexico. The EVLA, which uses 27 steerable



25 metre antennas?

,1s an upgrade to the 30 year old Very Large Array (VLA). Part
of the upgrade was a new correlator that was designed and built at the Dominion

Radio Astrophysical Observatory (DRAO).

1.2.2.4 Very Long Baseline Interferometry

A more advanced form of radio interferometry is very long baseline interferometry
(VLBI). VLBI was developed in 1967 by Canadian researchers working at DRAO,
the National Research Council of Canada (NRC), and at various universities. VLBI
uses multiple antennas, often hundred of kilometres apart, to collect data. The data
is then correlated using high precision clocks to synchronize the data. The first suc-
cessful VLBI observation was made using the 26 metre telescope at DRAO located
outside Penticton, British Columbia and the 46 metre telescope at the Algonquin
Radio Observatory (ARO) located in Algonquin Provincial Park, Ontario®. Both
antennas were used to make simultaneous observations. The observed signals from
each site were sampled by separate atomic clocks and recorded onto magnetic tape.
The magnetic tape and atomic clock from DRAO were taken by train to ARO where
the DRAO data and ARO data were synchronized using their two atomic clocks.
By combining the two sets of observation data with an accurate time base, very

high angular resolution was obtained.

1.2.3 Maxwell’s Equations

Maxwell’s equations are fundamental to all applications of electromagnetic theory.
In 1865, James Clerk Maxwell (1831 — 1879) published the paper “A Dynamical
Theory of the Electromagnetic Field” [19], which contained 20 formulae that are
now considered to be a corner stone of electromagnetic theory. Maxwell’s original
20 equations were later reduced to the familiar four vector equation form by Oliver
Heaviside (1850 — 1925) [21, pp. 108-112] and concurrently by Willard Gibbs
(1839 - 1903) and Heinrich Hertz (1857 — 1894) [8, p. 194]. Because of these con-
current discoveries, Maxwell’s equations are also known as the Maxwell-Heaviside

equations, the Hertz-Heaviside equations, or the Maxwell-Hertz equations.

Zhttp://www.nrao.edu/index.php/about/facilities/viaevla
3http://www.nrc-cnre.ge.ca/eng/facilities/hia/radio-astrophysical/highlights-of-drao.html
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The vector form of Maxwell’s can be written in either integral or differential

form. The differential form is

_  —0B
V><E_7 (1.3)
_ 9D _
Vtzg—i—J (1.4)
V-D=p (1.5)
V-B=0 (1.6)

where
E is the electric field intensity vector, in V/m,

H is the magnetic field intensity vector, in A/m,

D is the electric flux density vector, in Coul/m?,

B is the magnetic flux density vector, in Wb/m?,
J is the conduction current density, in A/m?,

p is the electric charge density, in Coul/m?.

1.2.3.1 Boundary Conditions

A boundary condition is a constraint on the electromagnetic condition that occurs
at the boundary between two materials. These conditions create simple rules that
electromagnetic fields must follow which are useful in interpreting Maxwell’s equa-
tions.

An important boundary condition for metal waveguides is the interface with
metal walls. For ease of calculation, we assume that the conductive walls are per-
fect electric conductors, also known as electric walls. An electric wall has infinite
skin depth and no conductive losses (o — o). With these assumptions, equations
1.3 to 1.6 imply that

11



iD= p, (1.7)

A-B=0 (1.8)
AxXE=0 (1.9)
AxH=1J, (1.10)

where
ps is the electric surface charge density, in Coul/m?,
Jy is the electric surface current density, in A/m?2.

For this project, equation 1.9 is relevant and states that the electric field must be
strictly normal to conducting walls at the conducting walls. This result becomes es-

pecially significant when considering the mode cutoff frequencies of a waveguide.

1.2.4 Waveguides

Waveguide antennas have very low conduction losses because of their large surface
area [24, pp. 154]. This property is very useful for radio astronomy applications

which are very sensitive to noise and losses.

1.2.4.1 Waveguide Modes and Cutoff frequency

The electromagnetic field inside a waveguide is a superposition of multiple attenu-
ating and propagating waveguide modes. These modes correspond to solutions for

Maxwell’s equations. There are three types of waveguide modes:

Transverse Electric (TE) Modes characterized by no electric field component in

the direction of propagation

Transverse Magnetic (TM) Modes characterized by no magnetic field compo-

nent in the direction of propagation

12



Transverse Electromagnetic (TEM) Modes characterized by no electric or mag-

netic field component in the direction of propagation

Depending on the waveguide shape and dimensions, there may be multiple
possible TE and TM modes, each with its own cutoff frequency. The cutoff fre-
quency is the frequency above which the propagation constant is real and the wave
can propagate without attenuation assuming ideal conductors and loss-free dielec-
tric materials. Losses caused by either the conductors or the dielectric materials
will cause attenuation regardless of whether or not the mode is cutoff. The TEM
mode has no cutoff frequency and will not attenuate at any frequency, but will only
propagate in waveguides with at least two conductors.

The cutoff frequencies for a coaxial waveguide can be found by solving Maxwell’s
equations for the waveguide dimensions and applying boundary conditions. The
solutions to Maxwell’s equations also provide expressions for the magnetic and
electric fields inside the waveguide for each mode.

For this project, we only need to consider TE modes, since they have much
lower cutoff frequencies than TM modes for the structure we are considering. The
TEM mode will be suppressed through the design of the excitation structure. In this
thesis, only circularly symmetric coaxial metal waveguides are discussed. Ellipti-
cal waveguide structures are discussed in [18, pp. 80]. For a circularly symmetric
coaxial metal waveguide, the family of solutions to Maxwell’s equations for TE

modes are [24, pp. 128]

Ey= [Asin (n@) + Bcos (ng)] [CT, (kep) + DY, (kep)] eF5 (1.1

jou
k

(4

Hy = [Asin (n@) + Bcos (n9)] [CJ], (kep) + DY, (kep)] e 7P+ (1.12)

where A, B, C, and D are constants, k. is the cutoff wave number, and J,’l and Y, are

the nth order of the Bessel functions of the first kind and second kind, respectively.
Additionally,

T} (kea) Y (kb) = T, (kcb) Yy (k.a) (1.13)
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where a and b are the inner conductor radius and the outer conductor radius. The
functions for the exact values for cutoff wavelength can be found in [18, pp. 72-80].

The approximate cutoff frequencies are

b
TEmlz)LC,-%ﬂ(Ci:) form=1,2,3,... (1.14)
2(a—b
TE,,: A~ 280 forn—23.4.... (1.15)
= 1)
2(a—b
TMm,,:QLC,'z(an) forn=1,2,3,... . (1.16)

We define the waveguide ratio, {, as the ratio of the outer conductor radius to
the inner conductor radius, b/a. For the TE modes in a coaxial waveguide, a very

good approximation of cutoff wavelength is given by [18, pp. 77]

" 21
A.=—" (a+b). 1.17

The values for x,, are given in table 1.1.

Table 1.1: Values of x:nl for TE Modes in Coaxial Waveguides. From [18]

by
¢ 11 Zml1 31
1.0 | 2.000 | 4.000 | 6.000
1.1 | 2.001 | 4.001 | 6.002
1.2 | 2.002 | 4.006 | 6.008
1.3 | 2.006 | 4.011 | 6.012
1.4 | 2.009 | 4.015 | 6.017
1.5 | 2.013 | 4.020 | 6.018
1.6 | 2.018 | 4.025 | 6.011
1.8 | 2.024 | 4.026 | 5.986
2.0 | 2.031 | 4.023 | 5.937
2.5 |2.048 | 3.980 | 5.751
3.0 | 2.056 | 3.908 | 5.552
3.5 | 2.057 | 3.834 | 5.382
4.0 | 2.055 | 3.760 | 5.240
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For reasons that will be explained in chapter 5, { is set to 1.8 resulting in the

following cutoff wavelengths:

TEM: A, = oo (1.18)

TEi: Ao = —2F (a+b) (1.19)
e =8)2.024 ¢ ‘

TEat: e = —  (a+b) (1.20)
2% = 2.8)4.026 ‘

TEs1: e = —F— (a+b) (121)
3% = 12.8)5.986 '

As before, a is the inner waveguide wall radius, b is the outer waveguide radius.

1.2.4.2 Mode Suppression and Decoupling

For this project, the desired mode is TE;; because it is known to produce the best
farfield patterns. The excitation structure needed to generate the TE;; mode in
a coaxial waveguide will theoretically achieve suppression of both the TEM and
TE»; modes. This suppression is demonstrated in figure 1.6 which shows that the
electric field of the TE|; mode is incompatible with the electric field of the TEM
and TE,; modes, and cannot be excited simultaneously. This natural mode sup-
pression is very convenient, since this allows a coaxial waveguide to operate from
the cutoff frequency of the TE;; mode to the cutoff frequency of the TE3; mode.
As can be seen from equation 1.14, this is a bandwidth ratio of approximately 3:1.

1.2.5 Farfield

The farfield of an antenna is the electromagnetic field power taken at an arbitrarily
large distance from the antenna such that the field distribution can be represented
only in terms of ¢ and 0 and not in terms of the distance from the antenna. The
distance from the antenna required for the electromagnetic field to be considered
the farfield is dependant on the size of the antenna. For D being the largest dimen-

sion of an antenna, if the antenna is electrically small (D < A /2) the farfield begins
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Figure 1.6: Electric Fields of Modes in a Circular Coaxial Waveguide

at a distance of 2A from the antenna. If the antenna is electrically large (D > 1/2),
the farfield begins at the Fraunhofer distance. The farfield pattern is one of the
performance criteria considered in this project.
, 2D?
Fraunhofer Distance: dy = o (1.22)

Given df >> D and df >> A,

1.2.5.1 Antenna Coordinate System

Farfield data is represented in the antenna coordinate system. The antenna coordi-
nate system is similar to the horizontal coordinate system used in astronomy. Fig-
ure 1.7 shows the coordinate system. The coordinate system is oriented such that
the antenna is located at the origin of the system and the boresight of the farfield

pattern is located at 8 = 0°.
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Figure 1.7: Farfield Coordinate System

1.2.5.2 Polarization

The term “polarization” refers to the description of a wave as it propagates through
space. If the wave is linearly polarized, it oscillates in one direction while trav-
elling in an orthogonal direction. Figure 1.8 shows two linearly polarized waves,
one with vertical polarization and the other with horizontal polarization. In antenna
design, the definitions of the vertical and horizontal polarizations are the choice of
the designer, although the E-plane is normally aligned with either the vertical or
horizontal polarization. If the wave oscillates in both the vertical and horizontal
directions and there is a phase difference between the vertical and horizontal oscil-
lations, the wave is said to be elliptically polarized because the electric field vector
traces an ellipse as it travels through space. If the vertical and horizontal oscilla-
tions have the same amplitude and are 90° out of phase, the electric field vector
traces out a circle as it travels through space and the wave is said to be circularly
polarized as shown in figure 1.9.

Once the reference polarization of a wave is defined, the wave can be bro-
ken into two components: the co-polarization component and cross-polarization
component. Similarly, the farfield pattern can be broken down into these two com-
ponents. The definitions for co-polarization and cross-polarization are ambiguous

for linearly and elliptically polarized waves [4, pp. 219]. There are a number of
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Figure 1.9: Circularly Polarized Wave

definitions for the co-polarization and cross-polarization components. One of the
most common definitions is Ludwig’s third definition [4, 17, pp. 219], which cor-
responds to the co-polarization and cross-polarization components of the farfield
generated when an antenna is tested in the conventional way. In order to obtain
measurements that use Ludwig’s third definition two series of measurements are
required. For the first polarization, a probe is placed at the boresight of the antenna
being tested then held stationary as shown in figure 1.10. The antenna is then held

at a constant angle ¢ while being rotated in the 0 direction. This process is re-
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peated for multiple values of ¢ to collect multiple cross-sections of the radiation
pattern until all the required measurements are taken. To measure the second polar-
ization, all that is required is to rotate the probe by 90° and repeat the same testing

procedure as before.

Antenna

Original Image: TWCarlson / Wikimedia Commons / CC-BY-SA 3.0

Figure 1.10: Test Setup for Ludwig’s Third Definition of Polarization

1.2.6 Return Loss

Return loss (RL) is an important measure of performance used in this project. In
general terms it is a measure of the power reflected as a result of the mismatch be-
tween an electrical system and its electrical load. In the context of this project, this
can also mean a mismatch between different components of the design or between
the antenna and free space. The formal definition of return loss is given in terms of

the reflection coefficient (I'):

RL = —20log|I'| dB (1.23)

The reflection coefficient can be defined using the ratio of the reflected voltage

wave (V") and the incidental voltage waves (VO+):
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Voo

r=-2
75

(1.24)

Another way to define the reflection coefficient is to use the characteristic impedance

of the transmission line (Zy) and the impedance of the load (Z;):

-7
21+ 7

(1.25)

This second definition shows the relation between the impedance mismatch and the
return loss. A large return loss is desirable as it indicates good impedance matching

in the design.
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Chapter 2

Related Work

This chapter describes the existing research related to this design. It will discuss
the current designs for feed antennas with a brief summary of the benefits and

shortcoming of each design.

2.1 Coaxial Waveguide

A significant amount of theoretical work has been done on the radiating prop-
erties of coaxial waveguides. Most work shows that although the coaxial wave-
guides have good farfield patterns [16], they suffer from an input mismatch with
free space. A number of approaches have been used to solve this problem. Bird
showed that the mismatch could be addressed by extending the centre conductor
and adding a flat flange to the aperture of the antenna [5, 6]. The use of irises inside
the waveguide to match to free space is discussed in [11] and [25, pp. 211]. The
technique of adding a quarter wavelength choke to the outside of the waveguide to
improve the farfield pattern is demonstrated in [13].

Work has also been done on nested waveguides structures. An antenna that
has three separate narrowbands is analyzed in [27]. This antenna uses multiple
independent excitation structures and a separate set of quarter-wave chokes for
each band. An ultra-wideband antenna with a bandwidth ratio of 70:1 is proposed
in [12]. This design achieved good theoretical return loss, however [12] makes

no attempt to predict the farfield patterns. [26] refines this design and gives both
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analytic and experimental results for the return loss and the farfield patterns. The
design given in [26] achieves a bandwidth ratio of 60:1 with good return loss. This
design’s weaknesses are the lack of a common excitation structure and the wide

farfield patterns that vary with frequency.

2.2 Circular Waveguide Antenna

A common feed antenna used for radio astronomy is described in [30]. This an-
tenna is composed of a single circular waveguide with a number of small chokes
located approximately 0.4 wavelengths behind the aperture. Over a narrow band-
width, the farfield patterns for the antenna have good symmetry, low backlobes,
and most notably, a large flat region near the boresight. The desired bandwidth of
60 MHz at 2695 MHz was achieved with a return loss above 25 dB and a 10 dB
beamwidth of 159.3°. This feed antenna is commonly used with deep parabolic
antennas (f/D < 0.35), including the 26 m radio telescope located at DRAO.

2.3 Corrugated Feed Horn Antenna

The corrugated feed horn is a waveguide antenna design with very good farfield
symmetry and high aperture efficiency [15, pp. 341-343]. The only shortcoming
of this design is the limited bandwidth. The best feed horn antennas have at most a
continuous bandwidth ratio of 2.2:1 [4, pp. 889]. A thorough discussion of corru-
gated feed horns can be found in [23, ch. 9].

2.4 Eleven Antenna

The Eleven Antenna is an experimental broadband feed antenna designed by Per-
Simon Kildal and his team at Chalmers University of Technology in Sweden [22,
33]. It uses a number of dipole antennas in a log-periodic array to achieve a wide
bandwidth. As shown in figure 2.1, the antenna takes the form of four wings located
over a ground plane. The eleven antenna exhibits a 10 dB half beamwidth of 55° +
10° over the operating band [22, 32]. The return loss of the initial antenna initial
design was marginal, as high as 5 dB at some frequencies [22]. This was improved

to 10 dB across most of the operating bandwidth in later iterations of the design
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Figure 2.1: An Eleven Antenna Built at DRAO

[34]. The Eleven Antenna is likely to exhibit a significant problem with conductor
loss because of the series configuration of the dipoles which results in very long
signal paths. This would be especially true for low frequencies that operate in the
outer regions of the antenna. In this project we hope to remedy the issues with

conductor loss and return loss.

2.5 Log-Periodic Spiral Antenna

Another periodic antenna design is the log-periodic spiral antenna. A log-periodic
spiral antenna is a wideband antenna created by cutting a zig-zag pattern out of
sheet metal. This method of creating antennas benefits greatly from low cost and
ease of construction. Figure 2.2 shows a log-periodic spiral antenna that was built
by a team at the Dominion Astrophysical Observatory (DAO) in collaboration with
the University of Victoria (UVic). As described in [20], the farfield patterns of this
antenna have good main lobes with the 10 dB half beamwidth around 8 = +60°.
The side lobes for this antenna are poor, reaching as high as -5 dB relative to the
power at the boresight. A bandwidth ratio of 6:1 was achieved with a return loss of
approximately 5 dB. The shortcomings of this design are the poor side lobes and

the low return loss when the bandwidth is extended beyond a ratio of 6:1.
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Figure 2.2: Log-Periodic Spiral Antenna Designed and Built at DAO
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Chapter 3

Tools Used

A number of computer tools were used in this project. They will be briefly de-

scribed in this chapter.

3.1 Computer Simulation Technology

Computer Simulation Technology is a company that produces the electromagnetic
simulation software “Computer Simulation Technology (CST) Studio Suite”. In
this thesis, as well as in industry, this software is referred to simply by its acronym:
CST. CST includes multiple modules designed for an array of electromagnetic
applications. Each module supports multiple solvers and grid configurations. Each
solver applies a different computation method to the model. For this project, the
Microwave Studio (MWS) module of CST with hexahedral gridding was used. The
MWS module is designed to simulate microwave and radio frequency components

in three dimensions.

3.1.1 Transient Solver

At the time of the project, DRAO had a license for only the transient solver which
uses the finite integration technique (FIT) method [1]. The FIT method is based
on the integral form of Maxwell’s equations and is able to maintain the physical

properties of an electric field while using a discrete spatial system [29].
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3.1.2 Frequency Analysis

To obtain the power spectral density (PSD) and return loss, CST performs a fast
Fourier transformation (FFT) on the time-domain data generated by the simulator.
The calculated PSD is compared to the PSD of the source in order to obtain the
S-parameter results.

3.1.3 Hexahedral Gridding
CST offers a number of grid configurations. At the time of the project DRAO had

a license for only the hexahedral gridding option. Normally using a hexahedral
grid to represent a circular model would lead to staircasing, which is the represen-
tation of a curved object using small steps. CST solves this problem by using a

proprietary algorithm call the “perfect boundary approximation” [29].

3.1.4 Parameter Sweeps and Optimization

One advantage of using simulators is that they allow parameters to be easily changed.
The effects of these changes can be analyzed to gain insight into the simulated
model. There are two classes of operations used to analyze the effects of alter-
ing parameters: sweeps and optimizations. CST includes built-in tools for both
parameter sweeps and optimizations.

In a parameter sweep, the user sets a number of fixed values for each param-
eter. Often these fixed values are linearly distributed over a range, but this is not
required. A simulation is then run for every permutation of the parameters and the
results are recorded. The recorded results can be compared side by side and then
analyzed by the user. Alternatively, the user can create a goal function and have
CST calculate the goal values and plot them against the parameters. This proce-
dure can result in a large number of simulations if multiple parameters are swept
simultaneously.

In contrast, optimization tries to iterate to the optimal solution using various
algorithms. In an optimization, an initial value and range are set for each param-
eter and one or more goal functions are defined. The simulator then iterates with
different values for the parameters in an attempt to have the goal function converge

to a minimum. A class of algorithms called local optimization algorithms converge
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to a local minimum near the initial value. This means that the performance of the
algorithm is very dependent on the choice of initial values. A second class of algo-
rithms are global optimization algorithms, which find the global minimum within
the defined parameter range. CST MWS has five optimization algorithms listed in
table 3.1.

Table 3.1: Comparison of Optimization Algorithms Used by CST

] Scope \ Notes

Interpolated Local | e Fast but reduced accuracy because of
Quasi-Newton interpolation

Classic Powell | Local | e Slower but more accurate then Newton
e Uses no interpolation

Nelder Mead Local | e Good for many optimization parameters
Simplex e Uses no interpolation
Genetic Global | e Mimics the process of natural selection

Particle Swarm | Global | e Uses multiple candidate solutions
o Allows for few assumptions about problem

For this project, the Interpolated Quasi-Newton optimizer was used since it is
the default optimizer for CST. The Interpolated Quasi-Newton optimizer worked
well because parameter sweeps were run prior to the optimization to find a good
set of initial values for the optimization parameters. However, due to the number
of parameters in the full model that need to be optimized, either the Nelder Mead
Simplex or Particle Swarm algorithm may be more efficient than the Interpolated

Quasi-Newton algorithm for optimizing the full model.

3.1.5 Time vs Accuracy Trade-Off

The primary limitation of the CST simulator is the time it takes to perform a sim-
ulation. The amount of time the simulation requires is directly proportional to the
number of grid points in the simulation which is affected by the size of the model,
the largest frequency simulated, and the grid density settings specified by the user.
Simulation time can be reduced by decreasing the grid density and by limiting the
frequency range. The trade-off is that grid density determines the result stability.

Result stability is how consistent the results are with minor changes to grid density.
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As the grid density is increased, the simulation results converge to a stable set of
results. It is assumed that this set of results is an accurate approximation of how
the model would perform experimentally. In other words, it is assumed that the
simulation result accuracy increases with grid density. This assumption should be
tested, especially for new antenna designs, such as the one developed in this thesis.

It is not always optimal to have high grid density because of the increased
time required to perform simulations. A balance must be struck between run time
and simulation result accuracy. Simulation time is particularly important when
performing optimizations. Depending on the number of physical variables in the

model, it may require hundreds of simulation runs to perform an optimization.

3.1.6 Simulation Limitations of CST

Since CST is a simulator, there is a fundamental limitations on how well it can
model real world phenomena. To account for this, all simulation results that were
inconsistent with the expected results were closely examined and justified to see if

they were accurate or were artifacts created by the simulator.

3.1.7 Assumptions Adopted to Reduce Simulation Time

The design discussed in this thesis is a nested waveguide structure and it is assumed
that only the adjacent waveguides will affect the results of the excited waveguide.
This assumption means that only part of the antenna needs be simulated instead of
the whole antenna which reduces the simulation time. Furthermore, since antenna
performance scales with frequency, the performance of all typical waveguides can
be determined from one simulation. Similarly, all typical waveguides can be op-
timized with one optimization run. The outermost waveguide requires separate
simulations because there is no waveguide beyond it. A similar argument applies
to the innermost waveguide.

Field symmetry can also be exploited to reduce simulation time. When defin-
ing symmetries, a few conditions must be met. Primarily, the electromagnetic field
must exhibit symmetry. Secondly, CST will not let two excitation sources be on
different sides of a symmetry plane. To verify a symmetry assumption is correct for

a new model, a simulation should be run twice, once with the symmetry condition
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and once without the symmetry condition. If the results from these two simula-
tions agree, then the symmetry assumption being tested is valid. CST offers two
forms of symmetry, E-symmetry and H-symmetry. E-symmetry is defined as hav-
ing no electric field component tangential to the plane of symmetry, and similarly,
H-symmetry is defined as having no magnetic field component tangential to the
plane of symmetry. For every symmetry condition used, the simulation time can
be reduced by approximately 50%.

Assumptions were also made in CST about the material properties of the model.
It was assumed that all metals were ideal conductors and that the background ma-
terial was a vacuum. This saves the simulator from having to calculate material
losses. The ramifications of these material assumptions are discussed in chapter
10.

3.1.8 Blackbox Simulator

CST is proprietary software and should be treated as a black box simulator. This
means that the algorithms, assumptions, and approximations that the simulator
makes are trade secrets and unknown to the user. As a result it is difficult to verify
the results of the simulator algebraically. To account for this, a physical prototype

must be constructed and tested in order to validate the simulation model.

3.2 Solidworks

Solidworks was used to convert the electrical design into a physically realizable
design to be constructed. Solidworks is the industry standard for designing in-
dustry parts and the preferred format for transferring designs to the machinist for

fabrication.

3.3 AutoCAD / Gimp / Inkscape

Three pieces of software were used to create figures for this report: AutoCAD,
Gimp, and Inkscape. AutoCAD is the industry standard for 2D drawings. Gimp

and Inkscape are free image editors that were used to create graphics.
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3.4 Matlab / Octave / Excel

Matlab is a commonly used program for manipulating large data sets. The name
is an abbreviation for matrix laboratory. Octave is a open source clone of Matlab.
It was used in place of Matlab when a computer with a license for Matlab was
unavailable. Excel is a standard spreadsheet program with a full Visual Basic for
Applications (VBA) backbone for programming. In this project, these programs

were all used to parse, analyze, and plot simulated and experimental data.

35 R

R is a scripting language primarily used for statistical computer and graphics [10].

For this project, R was used to produce high quality graphs.
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Chapter 4

Design Goals

4.1 Opverall Design Goals

As discussed in section 1.1, the goal of this project is to design a feed antenna that
has much wider bandwidth than conventional feed antennas without a significant
loss in performance. The target bandwidth ratio for this project is 10:1 with a
frequency range from 1 GHz — 10 GHz. Over the bandwidth of the antenna, the
goal for the return loss (RL) is to be greater than 10 dB. In terms of material loss,
no explicit goal was set, however the design should attempt to minimize all sources

of loss. The overall design goals are summarized in table 4.1.

Table 4.1: Design Goals for the Overall Antenna

Frequency Range | 1 GHz - 10 GHz
Bandwidth Ratio 10:1
Return Loss (RL) > 10dB

4.2 Waveguide Coupling Design Goals

As described later in chapter 5, a feed antenna consisting of a nested coaxial wave-
guide structure is proposed. The design has a common excitation structure that
couples the signal into each waveguide. Each waveguide is designed to operate

over a specific frequency range. To facilitate this, the excitation structure should
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have frequency selective coupling to each waveguide. The specifications for the
coupling to a waveguide is summarized in table 4.2. In the table, f,;, and f,., de-
limit the frequency range of the waveguide. Inside this frequency range, coupling

to other waveguides should be minimized.

Table 4.2: Coupling Design Goals

‘ f<fmin ‘fmin<f<fmax ‘ fmax<f ‘

Return Loss (RL) > 10dB
Coupling to Waveguides <-10dB 0dB <-10dB
Coupling to Other Waveguides <-10dB

4.3 Farfield Design Goals

The desired beamwidth of a feed antenna is determined by the focal-length-to-
diameter (f/D) ratio of the parabolic antenna the feed antenna will used with. For
this design the f/D ratio was 0.4 and the angle subtended by the parabolic an-
tenna seen from the focal point was 120°. As a result the goal for the 10 dB half
beamwidth was set to 60°. The angular resolution of a parabolic antenna is de-
termined by the Fourier transform of the signal illumination of the surface on the
antenna [7, pp. 407]. Ideally, the illumination should have equal amplitude across
the parabolic antenna and zero amplitude elsewhere. This is can be represented as
a rectangular function. The Fourier transform of a rectangular function produces a
sinc function in the farfield pattern of the parabolic antenna. This farfield pattern
has small side lobes and a very small angular resolution.

To produce even illumination of the dish, the feed antenna needs to have a
rectangular farfield pattern. In practice, a rectangular farfield pattern cannot be
produced. Instead an achievable goal for the farfield pattern is a bell-like shape
with the parameters given in table 4.3.

After simulating different designs for the antenna it was found that the farfield
pattern specifications could not be met without compromising the bandwidth. A
better compromise between farfield patterns and bandwidth was achieved by relax-

ing the tolerances to =4 dB as shown in table 4.4.

32



Table 4.3: Design Goals for the Farfield Pattern

Description \ Goal
E-Field Magnitude at 8 = £60° —10dB 3 dB
H-Field Magnitude at 68 = +60° —10dB 3 dB
Maximum Backlobe / Sidelobe Magnitude < —15dB +2dB
Maximum Cross Polarization Magnitude <—15dB +2dB

Note 1: All values relative to the E-Field magnitude at the boresight
Note 2: Cross polarization is measured at ¢ = 45°

Table 4.4: Relaxed Design Goals for the Farfield Patterns

Description ‘ Goal
E-Field Magnitude at 8 = £60° —10dB +4 dB
H-Field Magnitude at 8 = +60° —10dB +4 dB
Maximum Backlobe / Sidelobe Magnitude < —15dB +4dB
Maximum Cross Polarization Magnitude < —15dB +4 dB

Note 1: All values relative to the E-Field magnitude at the boresight
Note 2: Cross polarization is measured at ¢ = 45°

4.4 Physical Constraints

In a parabolic centre-fed antenna, the feed is directly in the path of the incoming
signal from space. In this configuration, the feed reduces the total energy being

collected by the parabolic antenna. The energy blocked is

Eplocked % 0" oeq 4.1)

where 7.4 is the outer radius of the feed antenna. For this reason the total radius

of the feed antenna should not be unnecessarily large.
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Chapter 5

Design Procedure

This chapter describes the overarching methodology for the electrical design of the
prototype. The novel nature of the design meant that the design procedure was not
strictly iterative, specifically a design decision made for one part of the design often
required another part of the design to be reanalyzed and modified. In addition, a
significant amount of learning occurred throughout the course of the project, which
often resulted in the need to go back and modify the previously made assumptions
and decisions.

To aid the reader in understanding the design methodology, the design proce-
dure will be presented in a logically iterative fashion and not in chronological order.
Attempts will be made to note when a design decision occurred in a significantly
different order than presented.

All simulations done during the design procedure were conducted in CST. For
all simulations, assumptions were made that the simulation model was made of a

perfect (lossless) conductor and that the background material was a vacuum.

5.1 Concept

The concept for this project was developed by Dr. Tom Landecker and Dr. Bruce
Veidt at DRAO. The concept documents created at DRAO are included in appen-
dices A, B, and C. The concept was to use a log-periodic waveguide structure to

address some of the shortcomings of existing designs for broadband feed antennas.
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Since radio astronomers are interested in the polarization of the received signal, the
design includes two sets of orthogonal excitation structures to collect both polar-

izations.

5.2 Choosing the General Waveguide Shape

The concept documents for this project outlined multiple forms of log-periodic
waveguide structures. The first step in the design procedure was to determine
which waveguide structure should be used for the design. The primary criterion
used to decide on the structure was the quality of the farfield patterns each struc-
ture produced. Two initial designs from the concept documents were considered: a
nested coaxial waveguide design and a parallel rectangular waveguide design with
each iteration containing four rectangular waveguides, as shown in figure 5.1.

For the rectangular design, the waveguides have to be a distance of at least half
a wavelength (A /2) apart to allow space for the second set of waveguides to be in-
cluded for the orthogonal polarization. With each pair of waveguides separated by
an electrical distance of A /2, the farfield patterns were too narrow for the parabolic

antenna specified for this project.

. M2

-

Polarization 1

2
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¢ Uoneziejoq
=

Polarization 1

Figure 5.1: Generic Layout of Rectangular Waveguide Antenna

For the nested coaxial waveguide design, the antenna is circularly symmetric,
so the same waveguide can be used for both polarizations. The preliminary tests
for the nested coaxial design showed good farfield patterns over a reasonably large

bandwidth. On the basis of these tests, the nested coaxial waveguide design was
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chosen for further development.

5.3 Farfield Bandwidth of Coaxial Waveguides

To determine how feasible coaxial waveguides are for broadband applications, the
maximum achievable bandwidth ratio in terms of farfield patterns needs to be de-
termined. Bandwidth can be written as a frequency range f,i, t0 fiuax Or as a ratio
W = finax/fmin- For example, the frequency range 1 GHz — 2 GHz can be ex-
pressed as a bandwidth ratio of W = 2:1 or simply W = 2. Both notations are used
throughout this thesis. In order to find the bandwidth ratio, we define a number of

parameters as follows:
Table 5.1: Parameters Used to Define Waveguide Geometry

Parameter Description

ay outer radius of the inner conductor of waveguide n
by, inner radius of the outer conductor of waveguide n
ty thickness of the outer conductor of waveguide n

. . b outer conductor radius
Waveguide Ratio = ¢ £ ~* = - , (5.1)
a, inner conductor radius

b+t -G+t
Replication Ratio =1 = -~ il _ an aall = Gntl (5.2)
an an an

The replication ratio (1)) is the scaling factor used when creating the log-
periodic structure. The bandwidth of a waveguide in the log-periodic structure
can be found by scaling the bandwidth of the previous waveguide by a factor of
1/n. For a log-periodic design to be feasible it must not have any “holes” in the
bandwidth. To achieve this, the replication ratio must be less than or equal to
the bandwidth ratio (n < W). This condition ensures that there is some overlap
between the bandwidth of each waveguide. In order for the antenna to be con-
structable, the waveguide ratio must be less than the replication ratio (§{ < 1) in
order for the waveguide walls to have positive thickness (). For simplicity, # is ini-
tially assumed to be arbitrarily thin, which makes { ~ 1 and reduces the condition
f<n<Wtol<W.
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Farfield performance goals were established in section 4.3. The bandwidth
of waveguide n (W,) is defined as the continuous frequency range over which the
farfield performance goals are met for waveguide n.

With this criterion set, a simulation was set-up to determine the best scaling
ratio for the waveguides. The trade-off between bandwidth and the quality of the
farfield patterns was evaluated. A model was created in CST of a single coaxial
waveguide with the dimensions shown in table 5.2. The choice of b; has no effect
on bandwidth ratio because of the principle of frequency scaling. b; was chosen to
be 32 mm because this value was used in later stages of the design. The waveguide
was excited with the TE;; mode by an ideal waveguide port. In CST, an ideal
waveguide port matches the impedance of the waveguide, which prevents reflection
at the port.

Table 5.2: Model Dimensions for Waveguide Ratio Farfield Test

Inner Wall Radius | a; b1/¢
Outer Wall Radius | »; | 32 mm

Wall Thickness H ~0
Waveguide Length | L > A
Waveguide Ratio { | Variable

The simulations showed good farfield patterns at values of { as low § = 1.15.
Table 5.3 shows the bandwidth ratio in regards to the farfield patterns goals given
in table 4.3 for each value of { simulated. This data shows that the criterion that
{ < W was only met for { = 1.15. It was noted that for all values of {, the back-
lobes and sidelobes had a high magnitude. In conventional circular and coaxial
waveguides, chokes or flanges are often used to reduce sidelobes and backlobes.
No chokes or flanges were used in this series of simulations. Simulations on val-
ues of { < 1.15 were not done because they would require an impractically large
number of concentric waveguides to reach the desired bandwidth ratio of 10:1.
The conclusion of this series of test was that coaxial waveguide can produce good
farfield patterns although with limited bandwidth.
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Table 5.3: Bandwidth Results for Single Waveguide Ratio Tests

| ¢ | W,[GHz] | W |
115155 - 1.8 [ L1151
12 | 15 - 175] 1.16:1
13 | 14 — 1.65]1.17:1
14 | 135 — 1.65] 1.22:1
15 135 - 16 | 1.18:1

5.3.1 Effect of Nested Waveguides on Farfield Bandwidth

Up to this point, simulations were conducted for only a single coaxial waveguide.
The next phase of testing incorporated the nested waveguide structure. The goal of
these tests was to determine what effect the nesting structure had on the farfield pat-
terns. A model was created in CST with three nested coaxial waveguides as shown
in figure 5.2. The middle (2"¢) waveguide in the model had the same dimensions
as the model in the single waveguide tests and the inner and outer waveguides were
copies of the middle waveguide scaled by 1/n and 7 respectively. The TE;; mode
was excited in the middle waveguide using an ideal waveguide port. The resulting
farfield patterns were examined and a second set of bandwidth data was taken as

shown in table 5.4.

Figure 5.2: CST Model for Testing Nested Waveguides
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Table 5.4: Bandwidth Results for Nested Waveguide Simulations

| | W,[GHz] | W |
L15] 1.8 - 22 [1.22:1
12 | 1.7 - 23 |[1351
13 | 15 - 22 | 1471
14 | 14 - 21 | 1501
15| 13 - 215/ 1.65:1
16 | 12 - 205 1.71:1
18 [1.15 - 18 | 1.56:1
20 [1.15 - 1.8 | 1.56:1

Overall, the farfield patterns for the nested waveguides exhibited reduced back
lobe and side lobe magnitude as well as significantly improved beamwidth of the
main lobe. The reduction in the back lobe and the side lobes can be attributed
to the increased width of the antenna. The improvements in all sections of the
farfield pattern resulted in an increase in the overall bandwidth and an increase in
the maximum value of { that met the requirement that { < W. Specifically, the
maximum allowable value of  was increased from § = 1.15to { = 1.6 with a
bandwidth ratio W = 1.71:1. In addition, it was noted that for { = 1.8 the farfield
pattern from 0.95 GHz - 1.15 GHz was good except that its beamwidth was slightly
wider than the goals shown in table 4.3. For reasons described in section 5.7, it is
preferable for £, and by association 7, to be as large as possible. To achieve the
maximum value of §, the tolerances for the farfield goals were increased to +4
dB as shown in table 4.4. The bandwidths are significantly increased with this
change as shown in table 5.5. It is interesting to note that for { = 1.8, 1 = 1.8 the
bandwidth ratio is 1.8:1, which meets the criterion ) < W; while the case for { =2,
N = 2 doesn’t meet this criterion. This indicates that { = 1.8 is approximately the
maximum value of { which meets the 1 < W criterion.

A second set of simulations was run for { = 1.8, in which ¢ was swept and
the effect on the bandwidth was observed. Extending the wall thickness such that
N = 2 increased the bandwidth ratio to 2:1, which satisfies 7 < W. Based on
these results the maximum achievable value for i with regard to farfield patterns

is achieved with the dimensions listed in table 5.6.
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Table 5.5: Comparing the Bandwidth under the Original and Relaxed

Farfield Goals
| { | n | FarfieldGoals | W, [dB] | W |

1.8 | =~ 1.8 Original 1.15 - 1.8 ] 1.56:1
1.8 | ~1.8 Relaxed 1 - 1.8 1.8:1
2 ~ 2 Original 1.15 - 1.8 | 1.56:1
2 ~2 Relaxed 095 - 1.8 1.89:1
1.8 2 Original 1.25 - 19| 1.52:1
1.8 2 Relaxed 095 - 1.9 2:1

Table 5.6: Parameters for Maximum Replication Ratio with Regards to

Farfield Patterns
|18
ni 2
W | 2:1

Based on these simulations, we concluded that a nested coaxial structure gen-
erates acceptable farfield patterns for sufficiently large replication ratios, and that
the nesting structure improves the farfield performance over that of a single wave-
guide. These preliminary results indicated that a nested coaxial waveguide design
was feasible for this project and a full electrical design was developed around the

nested coaxial waveguide model.

5.4 Four Section Piece-Wise Design

For ease of design and optimization, the model was broken into four sections as
shown in figure 5.3. The first two sections designed were the aperture section and
the excitation section. Initially, these two sections had the same waveguide ratio.
After a number of simulations in CST, it was found that it was suboptimal to have
the same waveguide dimension for both the aperture section and excitation section.
As a result, the two waveguide sections were decoupled and an aperture matching
section (shown in figure 5.3) was inserted to provide a transition from the exci-
tation section to the aperture section. Additionally, an aperture alignment section

was inserted between the excitation section and the aperture matching section, as
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discussed in section 5.9. All of these sections were assumed to act independently.

This assumption was made because it allows the waveguide sections to be designed

and optimized independently. The interactions between the sections will be consid-

ered at a later stage of the design. The excitation section and the aperture section

also have to be designed to have the same operating bandwidth. This condition

created a design loop between the excitation section and the aperture section, in

which both sections had to be designed separately, but have the same bandwidth

and have dimensions that fit together in the overall design. This design loop is not

discussed at length in this thesis. The aperture matching section was designed after

the aperture and excitation section designs were complete. Finally, the aperture

alignment section was designed, which completed the electrical design procedure.

Aperture Alignment Section

Aperture Sectlon
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Figure 5.3: Four Section Design

5.5 Designing the Aperture
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Aperture Matching Section

The aperture is the interface between the waveguides and free space. The primary

design goal for the aperture is to simultaneously meets the farfield and bandwidth
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requirements. The secondary design goal is to maximize the return loss (RL) as a
result of reflections at the aperture, which in turn reduces the requirements on the
aperture matching structure.

Based on section 5.3.1, we know that values of § from 1.15 to 1.8 give accept-
able farfield performance. This result is expanded by considering the effects of
energy coupling from one waveguide to another. In general, coupling can be either
beneficial or detrimental to the farfield patterns. Over a large bandwidth, it is likely
that both beneficial and detrimental coupling will occur at different frequencies. To
avoid any detrimental coupling, a design goal was set to minimize all coupling. In
order to minimize coupling, the wall thickness ¢ was varied, which in turn varies 1
according to equation 5.2. In CST, a three-waveguide model was built similar to
the model used in section 5.3.1. For a fixed £, the value for  was swept for all val-
ues such that 7 < W. The electric field amplitude was measured in the non-excited
waveguides and the results were analyzed. The simulation sweep found that mini-
mal coupling occurred with the maximum allowable waveguide wall thickness.

The return loss caused by the aperture was then considered. One issue with
CST, and indeed waveguides operating in modes other than TEM in general, is
that the concept of characteristic impedance is somewhat ambiguous. For coaxial
waveguides propagating the T E; mode, CST provides the return loss as a function
of frequency. The return loss at the aperture for various values of { with r ~ 0 was

found using CST and is shown in table 5.7.

Table 5.7: Return Loss for Various Values of { when t ~ 0

| ¢ | RL[dB] |
14 ] 215
1.5 2.625
1.6 | 3.32
1.7 3.766
1.8 | 4.466

The goal for the return loss is to be greater than 10 dB, meaning very little
energy is being reflected at the aperture. The simulations conducted in CST show
that within the range of { considered, waveguides with larger values of { have

better return loss. In section 5.3.1 it was found that the maximum allowable value
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of { is 1.8 with a bandwidth ratio of W = 2:1. The waveguide ratio in the simulation
model was fixed at { = 1.8 and the wall thickness was swept to find the value
that achieves maximum return loss. As with the previous results, having thick
waveguide walls improves the performance. The final aperture design parameters
are shown in table 5.8 which had a return loss of 4.55 dB when simulated in CST.

Table 5.8: Final Aperture Design Parameters

1.8
2
2:1

=

5.6 Designing the Excitation Structure

The excitation structure is an essential part of the design. The goal of the excitation
structure is to efficiently excite the desired TE;; mode in the waveguide while sup-
pressing other modes. Additionally, the excitation structure needs to be matched
with the source to maximize return loss. A loose design constraint was to achieve
a 500 impedance for the feed line. This constraint can be adjusted to improve
the return loss at the excitation structure, however 50Q is an industry standard
impedance, and most of the available parts have 50 Q interfaces.

The excitation structure is composed of the feed line, the excitation elements,
and the excitation matching structure. The feed line is a coaxial line that passes
through all the waveguides. In each waveguide, an excitation element is attached
to the centre conductor of the feed line. Selecting the shape of this element was a
significant challenge in this project. The excitation matching structure is a section
of the coaxial waveguide located behind the feed line and is terminated with an
electrical short. The length of the excitation matching structure (/) was determined
as part of the design procedure for the excitation elements.

In order to excite the TE;; mode, shown in figure 5.4, the optimal excitation
structure is symmetric about the H-plane, with the two excitation structures being
excited 180° out of phase. A second set of orthogonal excitation structures is not

shown in the this section, but it is included during construction.
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Figure 5.4: Electric Field of the TE|| Mode in a Coaxial Waveguide

5.6.1 Excitation Structure Goals

Using a simulator allows the excitation structure to be subdivided into the excita-
tion structures that excite each waveguide. The substructures can be designed and
optimized individually or in groups. The individual excitation structures can be
treated like a three-port system in CST using the port definitions in figure 5.5. CST
separates the power going into port 3 into the different modes at the port, which al-
lows goals to be set for each mode. Table 5.9 defines a set of design goals for each
individual excitation structure, with f,;, being the minimum operating frequency
of the excitation structure and f,,,,, being the maximum operating frequency of the
excitation structure. Each excitation structure is intended to work as a lowpass
filter, allowing signals with frequencies lower than the operating band of the exci-
tation structure to travel through, while radiating signals with frequencies within

the operating band.

Table 5.9: Design Goals for Individual Excitation Structures

H f<fmin ‘ fmin<f<fmax ‘ ﬁnax<f ‘

Return Loss (RL) > 10dB

Coupling to Waveguide: TE; <-10dB 0dB <-10dB
Mode

Coupling to Waveguide: Other <-10dB

Modes

Energy Travelling to Next 0dB <-10dB <-10dB
Excitation Element
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Figure 5.5: Port Definitions for Individual Generic Excitation Structure

5.6.2 Feed Line Design

The feed line passes through the waveguide walls connecting the excitation ele-
ments to a common input terminal. The feed line has a rectangular centre con-
ductor and uses a rectangular feed gap cut out of the waveguide walls as the outer
conductor. Rectangular components are used because they are easier to simulate
and fabricate. To obtain a high characteristic impedance in the feed line, air is used
as the dielectric.

The impedance of a general rectangular waveguide with the dimensions shown
in 5.6 that is operating in the TEM mode can be approximated using Brickelmann’s

approximation [9, pp. 24]:
Zo\/€ = 59.9521n 1+W//b (5.3)
OVE T W/b+1/b '
where the variables are defined in figure 5.6.

The desired characteristic impedance of the feed line is determined in the de-

sign process of the excitation structure. The feed line was designed according to
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Figure 5.6: Parameters for Finding the Characteristic Impedance of a
Rectangular Coaxial Waveguide

formula 5.3 and verified in simulation.

Two simulation models for the feed line were used for this project. The first
model was a small square coaxial waveguide (W' = b,W =1t). This model per-
formed well in simulation and was used for the crossbar, frisbee, and hybrid ex-
citation design simulations (see section 5.6.3). The small feed line would have
notable conductive losses and would have difficulty supporting the weight of the
excitation elements. To address these issues, a larger feed line model was designed.
The simulated performance of the hybrid excitation structure with the larger feed
line was compared to the performance with the small feed line. With the larger
feed line, the performance of the innermost waveguide was significantly reduced
and the performance of the middle waveguide was notably reduced. This loss of
performance was attributed to the feed line creating a hole in the waveguide wall
that had an electrically significant size. These holes disrupt the electromagnetic
fields inside the waveguide. To correct for this effect, the square feed line was
discarded and a narrow rectangular feed line was designed to replace it. The long
dimension of the feed line was oriented in the transverse direction to the electric
field of the TE;; mode in order to minimize the disruption to the electromagnetic
field.

As shown in equation 5.3, the characteristic impedance of a feed line is de-
fined by the relative dimensions of its centre conductor and walls, not the absolute
dimension. In order to reduce the size of the feed line gaps, and thus reduce the
disturbance to the electromagnetic field, the centre conductor size should be small.

Conversely, the centre conductor should be relatively large to reduce conductor
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loss and increase the structural strength of the feed line.

To compromise between these requirements, a stepped excitation structure was
proposed as shown in figure 5.7. A small feed line was used in the high frequency
waveguides which transitioned into larger feed lines for the lower frequency wave-
guides. For ease of construction, the height of the feed line conductor and gap was
kept constant and the widths varied to achieve the desired characteristic impedance.
The centre conductor height was chosen to be 3.18 mm (1/8”) as a compromise be-
tween surface area and strength. 1/8” is also a readily available thickness of sheet
metal. The capacitance gaps, shown as cg in figure 5.7, were varied until no filter-

ing effects were observed in the operating frequency range of the antenna.

AT
Ykl

Figure 5.7: Stepped Feed Line

The stepped feed line was used for the three-angle excitation design (section
5.6.3.4) and the prototype design (chapter 6). The dimensions of the stepped feed

line structure are shown in table 5.10.

Table 5.10: Design Dimensions for Redesigned Feed Line

Section H 1 \ 2 \ 3
Feed Gap Width 4mm | 55mm [ 7.5 mm
Feed Gap Height 10 mm
Centre Conductor Width || 1.15 mm \ 2.2 mm \ 3.5 mm
Centre Conductor Height 3.18 mm
Characteristic Impedance || 49.25Q [ 49.05Q | 49.17 Q
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5.6.3 Excitation Element Design

The starting point for the excitation structure was to have the same waveguide
dimension as the aperture and no excitation element other than the feed line in the
waveguide. Simulations showed that this design radiated very poorly, and that a
more complicated excitation element was required. During the design procedure,
four designs for the excitation elements were created and optimized. They were

created iteratively, with each design improving over the previous design.

5.6.3.1 Crossbar Excitation Design

The initial design for the excitation element was a narrow thin strip of metal con-
centric to the waveguide wall with radius 7., < s and re > 1. Figure 5.8 shows
the crossbar excitation structure. The initial waveguide ratio ({) at the excitation
structure was set to { = 1.8 to match the aperture. A model with a single wave-
guide was created for this design and simulated in CST. This model excited the
TE;; mode well, and exhibited beneficial frequency filtering behaviours similar to a
lowpass filter. This model was optimized but performance limitations were found.
Upon analysis of the results, it was determined that this limit was caused by an
impedance mismatch in the excitation structure. The waveguide ratio was reduced
at the excitation structure to a value of { = 1.3. This change yielded significantly
improved performance, although there was still a moderate impedance mismatch.
The cutoff frequency for the TE|; mode was also affected by the change in wave-
guide ratio. The model was scaled to bring the operating band back to the design
bandwidth.

Design parameters and the performance after another optimization are shown
in table 5.11 and figure 5.9. The design bandwidth for this model is 1.1 GHz to 2
GHz. The coupling to the TE;; mode in the waveguide was near the design goal of
0 dB but the return loss was only mediocre, being as low as 5 dB within the design
bandwidth.

The model was then expanded to include three nested waveguides and the sim-
ulation was performed again. The results were examined and the return loss was
found to have severely reduced performance. A simulation for the single wave-

guide model was conducted for a larger frequency range with the results shown in
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In the transmitting case, a
broadband signal enters at
the centre. The excitation
structure couples signals to
the waveguide that can
propagate along that
waveguide. Signals at lower
frequencies pass beyond the
waveguide that is shown and
are radiated from further
waveguides.

Hatched Material is Waveguide Walls

Figure 5.8: Crossbar Excitation Design

Table 5.11: Parameter Results for the Partially Optimized Crossbar
Excitation Design

Symbol Description Result
Frequency Range 1 GHz -2 GHz

Tin Waveguide Inner Wall Radius 40 mm

Fout Waveguide Outer Wall Radius 52 mm
4 Waveguide Ratio 1.3

Fex Radius of Crossbar 40 mm

0 Excitation Element Angle 45.84°

h Height of Crossbar 1 mm

t Thickness of Crossbar 1 mm

le Length From Back of Waveguide 70 mm

Zo feed Feed Line Characteristic Impedance 50.4Q

figure 5.10. The return loss for the single waveguide model is very poor outside
the frequency band of the specific waveguide. As a result of this, when multiple
excitation structures are combined in series, the overall return loss will be poor.
The three-waveguide model was optimized in an attempt to remove this issue but
the optimization did not find a solution that met the design goals.

Because of this poor return loss, the crossbar excitation element was ruled

out. Further, because of the inconsistencies between the one-waveguide model
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results and the three-waveguide model results, only the three-waveguide model
was considered for the remainder of the excitation design phase.

The return loss issue was likely related to the long excitation elements which
have significant electric length. At higher frequencies, the long elements begin to
resonate like monopoles. This resonant behaviour is consistent with the frequency
dependent variations displayed in figure 5.10. To combat this effect, a more com-
pact excitation element was required. It is likely that the good coupling to the
waveguide was created by the capacitance between the excitation element and the
waveguide wall. An effort was made to maintain similar capacitance while altering

the excitation element design.

5.6.3.2 “Frisbee” Excitation Design

The next design considered was the “Frisbee” design. The “Frisbee” excitation
element is a disk with sloped edges as shown in figure 5.11. The flat surface of
the disk produces the capacitance required to excite the mode in the waveguide.
The sloped edges increase the bandwidth of the model by varying the distance
from the disk to the waveguide wall. In the frequency domain, this is equivalent to
having constant electrical distance over a frequency range. The “Frisbee” design
was expected to have issues achieving the same impedance as the crossbar design.

The “Frisbee” design was modelled with a three nested waveguide structure.
The initial simulated results were promising and the model was optimized with the
disk dimensions and the waveguide ratio as optimization parameters. In addition,
to allow the optimizer to find a better impedance match, the feed line dimensions
were used as additional optimization parameters. This allowed Zy,,,, to be indi-
rectly controlled by the optimizer. The optimization results, shown in table 5.12,
produced good electrical performance as shown in figure 5.12. Figure 5.13 shows
that the desired mode, TE |, was coupling well to the waveguide; and the undesired
mode, TE3;, had an amplitude 6 dB below the TE|; mode.
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Table 5.12: Parameter Results for the Optimized “Frisbee” Excitation

Hatched Material is Waveguide Walls

Figure 5.11: “Frisbee” Excitation Design

Design
] Symbol \ Description Result
Frequency Range 2 GHz -4 GHz
Four Waveguide Outer Wall Radius 32 mm
Tin Waveguide Inner Wall Radius 25.6 mm
Waveguide Ratio 1.25
d Distance from Waveguide Wall to Disk 1.6 mm
t Disk Thickness 1.2 mm
Din Frisbee Inner Diameter 3 mm
2 out Frisbee Outer Diameter 6 mm
L, Length From Back of Waveguide 26 mm
2y,,., | Feed Line Characteristic Impedance 60.4Q
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5.6.3.3 Hybrid Excitation Design

As discussed in section 5.6.4, the “Frisbee” excitation design resulted in some
farfield issues. It was believed that one solution to these issues was to further
suppress the TE3; mode. This was done through another iteration of the excitation
structure design. A wider excitation element should not generate the TE3; mode
as readily as a compact structure such as the “Frisbee” model. It was proposed
that a hybrid of the crossbar and “Frisbee” excitation models might fulfil this need.
A series of models ranging from a compact model to a wide, thin model were
simulated. All of these models maintained approximately the same surface area for
each excitation element. The best model was found to be a square sheet of metal
bent into an arc as shown in figure 5.14. The centre of the arc is slightly offset
from the centre of the waveguide such that it bends away from the waveguide wall
to increase the bandwidth. This model was put through an optimization and the
resulting parameters are shown in table 5.13. The electrical performance for the

optimized design is shown in figure 5.15 and figure 5.16.
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Hatched Material is Waveguide Walls

Figure 5.14: Hybrid Excitation Design
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Table 5.13: Parameter Results for the Optimized Hybrid Excitation Design

Symbol | Description Result
Frequency Range 2 GHz -4 GHz
Four Waveguide Outer Wall Radius 32 mm
Tin Waveguide Inner Wall Radius 25.6 mm
4 Waveguide Ratio 1.25
Tex Radius of Excitation Element 30.225 mm
0, Angle of Excitation Arc 17.5°
t Disk Thickness 1 mm
h Excitation Element Height 3 mm
of fset | The Distance from the Centre of the Waveguide 13.18 mm
to the Centre of the Excitation Element Arc
le Length From Back of Waveguide to Excitation 30.365 mm
Element
Zy,,., | Feed Line Characteristic Impedance 71.31Q
— Return Loss
-- Power Passthrough | |- w0
-------- TEy1 Mode
E - | “._____\\‘ /'I‘\\I II': - =] E‘
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Figure 5.15: Simulated Hybrid Excitation Design Results
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Figure 5.16: TE || and TE3; Modes in Simulated Hybrid Excitation Design
Results

5.6.3.4 Three-Angle Excitation Design

As shown in figure 5.14, the hybrid excitation elements were designed to be a thin
sheet of copper that ran concentric to the waveguide walls. The design required
copper sheets to be cut into the correct shape, then soldered to the feed line at
the designed locations before the feed lines are installed into the antenna. Cutting
the thin sheets of copper to the correct size and then bending them to the correct
radius was very difficult. To simplify the construction, the excitation element was
redesigned to be the same height as the thickness of the centre conductor of the feed
line. This meant that the feed line and the excitation element could be combined
into one piece, which could be fabricated using a water-jet cutting machine.

When this change was made, the back section had already been fabricated, so
the excitation structure had to be redesigned within the constraints of the existing

feed line and excitation matching structure. This limited the effectiveness of the
design but simplified the optimization process.
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The height constraint for the excitation element meant that the excitation de-
sign returned to the crossbar design described in section 5.6.3.1. Another solution
to the problem of poor return loss had to be found. It was proposed that since
the wide-angle crossbars seemed to cause poor return loss, while the narrow-angle
crossbars created over-moding issues, that the crossbar should be wide-angle in
the waveguides with over-moding issues and narrow-angle otherwise. The result-
ing three-angle excitation design is shown in figure 5.17. While this is a departure
from the frequency scaling philosophy of the antenna design, it does significantly
improve the overall performance. The excitation elements were re-optimized al-
lowing the angle of each element to be changed independently, resulting in the
dimensions shown in table 5.14. The piece-wise electrical results for the new ex-
citation design are shown in figure 5.18. This design had good return loss but the
coupling into the waveguides, especially the first waveguide, was lower than it was

in the other excitation designs.

Table 5.14: Parameter Results for the Optimized Three-Angle Excitation

Design
Symbol | Description Waveguide
1 2 3
Fout Waveguide Outer Wall 16 mm 32 mm 64 mm
Radius
Tin Waveguide Inner Wall 12.8 mm 256 mm | 51.2 mm
Radius
g Waveguide Ratio 1.25
Tex Radius of Excitation 15.25 mm 30.5 mm 61 mm
Element
O, Angle of Excitation Arc 15° 17° 28°
t Crossbar Thickness 0.5 mm 1 mm 2 mm
h Excitation Height 3.18 mm
le Length From Back of Wave- | 15.635 mm | 31.27 mm | 62.54 mm
guide to Excitation Element
Zy,,,, | Feed Line Impedance ~ 50 Q
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Figure 5.18: Electric Performance of Three-Angle Excitation Design

5.6.4 Analyzing the Farfield of the Partial Model

In order to determine the effect of the excitation structure on the farfield pattern,
a partial model had to be simulated. A model was created using the optimized
“frisbee” excitation structure with the previously defined aperture geometry and a
simple gradient aperture matching structure. The model was excited using ideal
waveguide ports on the feed line to emulate an ideal differential source.

The simulated farfield patterns were observed to have significant two-peak pat-
tern at specific frequencies. Two-peak farfield patterns can be indicative of higher
order modes being present in the antenna. The electromagnetic field in the wave-
guides was analyzed in CST and it was confirmed that the TE3;; mode was present
in the antenna at frequencies where two-peak farfield patterns were observed. At
the frequencies studied, the TE3;; mode was detected in waveguides other than the
waveguide that should have been excited. This phenomenon is expected in a log-
periodic design. While each waveguide is designed to only allow the desired mode

to propagate, if fed with energy at a frequency well above the design frequency, it
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may generate additional unwanted waveguide modes.

In order to verify that the TE3; mode was being generated at the excitation
structure and not by coupling at the aperture, the model was modified by placing a
simulated waveguide port at the aperture, thus removing any aperture effects. The
electromagnetic fields were examined again and the TE3; mode was still present,
though at a lower amplitude. The amplitude of the TE3; mode was affected by both

the excitation structure and the aperture.

5.6.5 Suppressing the TE3;; Mode

One possible solution to the TE3; issue is to suppress the mode. In a conventional
antenna, mode suppression can be achieved by altering the waveguide structure to
cutoff the higher order modes at the design frequency. However, because the higher
order modes are occurring in waveguides designed to operate at lower frequencies,
it would be impossible to cause the higher order modes to be cutoff without also
cutting off the desired modes at lower frequency.

A multi-pronged approach was used to address the TE3; issue. First, a method
to prevent high frequencies from travelling to the outer waveguides was sought.
It was hoped that if the excitation structure coupled energy to the waveguide effi-
ciently in its operating bandwidth, there would be no energy left in the frequency
range to travel to the outer waveguides and cause modes to be excited in those
waveguides. An attempt was also made to model the feed line passing though the
waveguide wall as an RLC filter, but this is a difficult modelling problem and be-
yond the scope of the project. Next, an attempt to suppress the TE3; mode after
it was excited was made. As shown in figure 5.19, there is an electric field line
at a £60° offset from centre. It was hypothesized that the electric field could be
disrupted by placing metal walls parallel to the magnetic field. The metal walls
would force the electric field to be normal to the walls, thus eliminating the mode.
To accommodate both polarizations, the metal walls are placed at £45° off cen-
tre as shown in figure 5.20. Simulations showed that this fundamentally changed
the waveguide structure. The cutoff frequency of the TE;; mode and the electric
field pattern of the new structure indicated that the structure was acting like a bent

rectangular waveguide, not a coaxial waveguide. While this did address the TE3;
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issue, it also increased the cutoff frequency of each waveguide, and as a result
the farfield pattern became too narrow. Finally, a set of models was created using
posts or irises to suppress the TEz; mode, but these models resulted in highly res-
onant behaviour at the aperture, reducing the overall return loss of the model. No

satisfactory method of mode suppression was discovered during this project.

Figure 5.19: Electric Field for the TE3| Mode in a Coaxial Waveguide

7%

Figure 5.20: 45° Walls with the TE3; Mode Overlaid

The solution to the TE3; issue used in the prototype was to design the excitation
structure to reduce the coupling of the TE3; mode to the waveguides, but this was

achieved at some cost to the overall performance of the excitation structure.
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5.7 Designing the Aperture Matching Structure

The objective of the aperture matching section is to provide a transition from the
waveguide dimensions at the excitation structure to the waveguide dimensions at
the aperture and to maximize return loss at the aperture. In waveguide antennas,
this task is normally achieved by slowly widening the waveguide such that it is a
good match to free space. This technique often results in a very large aperture.
In this design, the dimensions of the waveguide at the aperture are constrained
by farfield requirements and the nested coaxial structure, thus a more complex
matching design is required.

To achieve a lossless match between two waveguides of different dimensions,
a smooth and slow transition would suffice in the form of either a sloped or a
parabolic geometry. In this design it was found that although it was possible to
have high return loss at the transition from one waveguide geometry to the other,
the overall return loss including the aperture reflections was poor. To achieve bet-
ter overall performance, free space was used as the matching target instead of the
aperture geometry. A bandpass matching structure was required to match the wave-
guide geometry at the excitation structure to free space over the operating band of
the waveguide. A stepped structure inspired by a Chebyshev or binomial matching

structure was considered.

Ly .. Ly L
Free Excitation
Space Structure

n N .. 1 0

Figure 5.21: Cross Section of a Generic Stepped Matching Structure

The lengths of the steps, Li,Ly,...,Ly, were initially set to a value of A /4,
where A is the free space wavelength for the centre of the waveguide’s frequency

band. To isolate the performance of the aperture matching structure, an ideal wave-
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guide port was used in place of the excitation structure to excite the TE;; mode.
Using this ideal source, the length of the waveguide from the excitation structure
to the first step, Ly, was found to have no effect on the return loss and will be
optimized later as described in section 5.9. Because wavelengths are longer in a
waveguide than they are in free space, the initial values for L were too short. The
simulation results were examined and the centre frequency of the match was found
by evaluating the frequency at which the return loss was maximized. Using this
information, the values of L were altered to shift the centre frequency of the match
to the centre of the frequency band.

CST models were created for both a two step (N = 2) and a three step (N =
3) matching structure. Both models were initially set to have linear physical step
sizes and then optimized. The optimizations resulted in the N = 2 model with the
dimensions in table 5.15 having the best performance. Figure 5.22 shows the return

loss of the optimized aperture matching structure.

Table 5.15: Results of Aperture Matching Structure Design

. n [0 [ 1 [ 2 |
L [mm] 28 28
d;, [mm] 64 64 64
doy [mm] | 51.2 | 47.42 | 35.56

Freq [GHz] 2-4

5.8 Designing the Choke

The purpose of the choke in this design is to reduce the side lobes in the lowest
frequency band of the antenna. Although the choke will also affect the return loss,
this effect was assumed to be minor and was not considered in the design process.

The side lobes of the radiation pattern are partially created by surface currents
on the sides and back of the antenna. The choke reduces these surface currents
by creating a long current path between the aperture and the sides of the antenna.
Chokes usually have a length of A /4 which causes the choke to be electrically open
at its aperture. It has been shown in [23, pp. 212] that a quarter wavelength choke
improves the farfield pattern of a coaxial waveguide antenna.
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Figure 5.22: Return Loss for Optimized Aperture Matching Structure

A model with parameters shown in figure 5.23 was created to simulate the
choke. Initially, the choke was designed to operate at the centre frequency of the
lowest frequency band, 1.5 GHz. The initial dimensions of the choke for the simu-
lation sweep were Ljore = A /4 with arbitrary width (W) and wall thicknesses
(tcnore)- Twenty farfield pattern snapshots were taken evenly spaced across the fre-
quency range for each simulation in the sweep. W,k and Ljor. Were swept and
the farfield data was exported then parsed and plotted in Excel. The plots were
evaluated manually to determine the dimensions that produce the best farfield pat-
terns across the entire frequency band. Finally, f.pore—in and fepoke—our Were swept
and again farfield patterns were analyzed to determine the value that produced the
best farfield patterns. It was found that for reasonably low values of ¢, there
was relatively little change in the farfield patterns. The final choke dimension are

shown in table 5.16.
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Figure 5.23: Cross Section of a Generic Choke

Table 5.16: Design Dimensions for Choke

Wchoke 32.5 mm
Lchoke 25 mm
Lchoke—in 7.4 mm

choke—out 7.4 mm

5.9 Aperture Alignment Section Length Sweep

The apertures of all the waveguides are on one plane, and the excitation structure is
on another plane. Since all the aperture matching structures have different lengths,
an extra length of waveguide is required to allow the aperture of each waveguide to
be in a common plane. We call this extra length of waveguide the aperture align-
ment section. If both the excitation structure and the aperture matching structure
were matched properly to the waveguide, the length of the aperture alignment sec-
tion would have little effect on the performance of the antenna except for a slight
increase in conduction losses due to the increased lengths of the waveguides. How-
ever, because both the excitation structure and the aperture matching structure are
imperfectly matched to the waveguide, the length of the aperture alignment section
creates a phase shift between the aperture matching structure and the excitation
structure and thus can affect the return loss. The amount of phase shift varies
based on the frequency and the length of the aperture alignment section.

Since the lengths of the aperture alignment section in each waveguide are in-
terdependent, the only way to design this region is to simulate the whole antenna
and sweep the length of the front section. The front section is described in chapter
6 and contains the aperture, aperture matching structures, and aperture alignment

sections. Since the lengths of the aperture and aperture matching structures are
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fixed, this procedure will directly vary the lengths of the aperture alignment sec-
tions. Given the available materials, the longest possible lengths of the aperture
alignment sections produces the best overall return loss. The performance im-
provement created by extending the lengths of the aperture alignment sections was
minor, and it may be preferable to choose shorter aperture alignment sections in
order to save on materials and weight. Additionally, the importance of the aperture
alignment sections as a method of improving the return loss could be reduced if the

aperture matching is improved.

66



Chapter 6
Physical Prototype Design

The simulation model that was designed in CST needed to be turned into a phys-
ically realizable model. The drafting and design package SolidWorks was used to
design the physical model. A significant task was to determine how to break the
design into smaller components that could be fabricated and combined to create a
prototype of the antenna. Additionally, the feed line had to be serviceable to allow
the excitation structure to be installed. The simplest way to achieve this was to
break the model at the feed line. This split the design into the back section, which
contains the feed gap and the excitation matching structures, and the front section,
which contains the aperture alignment section, the aperture matching structures,
and the choke.

6.1 Front Section

The front section of the design, shown in figure 6.1, is composed of a number of
concentric cylinders. The three inner cylinders, shown in figure 6.2, have a constant
inner diameter and a stepped outer diameter which forms the aperture matching
structures when the antenna is assembled. The outer cylinder, shown in figure 6.3,
has constant inner radius and a step cut out of the outside to allow the choke, shown
in figure 6.4, to be easily seated. The radius of the step is designed to be the inner
radius of the choke. This simplifies the manufacturing of the choke by allowing

the outer cylinder to act as the inner wall of the choke. All the components of the
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front section are circularly symmetric and can be produced on a lathe. Note that the
piece of copper tape on the top of the smallest cylinder is to correct a machining

€ITOr.

6.2 Back Section

The front and back sections are designed such that the excitation structure is lo-
cated on the top surface of the back section. This allows the feed line gap and
the excitation matching structure to be milled out of the back section without the
need to reposition the back section on the milling machine. As discussed in section
5.6.2, each feed gap is composed of three sections. To simplify the fabrication of
the feed line, the centre conductor of the feed line and feed line gap were designed
to have a consistent depth with only the width of the centre conductor and gap
being varied.

The excitation matching structure is composed of cylindrical slots cut out of the
front face of the back section. The depths and widths of these cuts were designed
during the electrical design procedure. Because the cuts are relatively shallow and
sufficiently wide, they can be cut with a computer numerical control (CNC) milling
machine.

To allow SMA cables to excite the feed line, a gap was bored out of the centre
of the back section for the SMA cables to pass through. This bore was designed
to be as wide as possible, while allowing enough metal thickness between the gap
and the innermost waveguide for the machine screw clearances. The cross section

of the back section is shown in figure 6.5.

6.2.1 Feed Line Termination

The feed lines had to be electrically terminated. Open circuit and short circuit ter-
minations were considered, but neither provided a high return loss with the 50 Q
feed line. A 50 Q load connected to an SMA port was chosen to terminate the feed
line. The SMA termination provided good physical support for the excitation struc-
ture because it was attached to the body of the antenna and provides an additional

port for testing the excitation structure.
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Figure 6.1: Assembled Components of the Front Section

Figure 6.2: Inner Cylinders of the Front Section
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Figure 6.3: Outer Cylinder of the Front Section with Choke Attached

Figure 6.4: Fabricated Choke
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Figure 6.5: Cross Section of the Back Section

6.3 Assembling the Components

Two factors had to be considered in the design to facilitate the assembly of the pro-
totype. First, the separate components had to be accurately positioned and aligned,
and second, the components had to be secured together.

For positioning, three options were considered. The first option was to install
pins into the front face of the back section and drill corresponding pin holes in the
back face of the cylinders. The second option was to use either linear or concentric
circular slots for positioning. The final option considered was to use no position
mechanism and instead rely on the accuracy of the fasteners. For securing the com-
ponents, two options were considered. One option was to use machine screws, and
the other option was to use friction fit components. Friction fit components can use
heat (thermal expansion) to aid in the assembly and ensure a tight fit once the com-
ponents are cooled. Friction fastening methods require high precision machining
of the components. Since this was a first prototype, the machine screw option was
chosen for both positioning and fastening becomes this was the simplest option
considered.

Screw sizes was determined largely by the thickness of the waveguide walls.
The screw threads and clearances were selected to prevent cutting into adjacent
waveguides. Number 6 coarse machine screws were chosen because they would fit

between most waveguides. Number 6 coarse machine screws have 32 threads per
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inch and are written as #6-32 in short hand. For inside the innermost waveguide
wall, which is too narrow for the #6-32 screws, number four coarse (#4-40) ma-
chine screws were used as fasteners. Each cylinder was secured by four screws that
were inserted from the back of the antenna. The screws were offset from the feed

lines by 45° as shown in figure 6.6.

Space for
Screw Holes Coaxial
to Attach Cables

Front Section

Feed Lines

Figure 6.6: Screw Locations to Secure Cylinders

To attach the choke, #6-32 machine screws went through the choke and fas-
tened into the sides of the outer cylinder. The thickness of the back wall of the

choke was increased to allow room for clearance holes as shown in figure 6.7.

Figure 6.7: Cross Section of Choke Showing Screw Clearances

To mount the antenna for testing, a mounting plate like the one shown in figure
6.8 was used. 3/8” diameter coarse (#3/8-16) machine screws were used to attach
the prototype to the mounting plate, as shown in figure 6.9. The back wall of
the back section was increased in thickness to provide enough depth for the screw

threads to be cut into the back face without cutting into any of the waveguides.
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Figure 6.8: Mounting Plate for Attaching Prototypes to Testing Equipment

Figure 6.9: Back Section Secured to the Mounting Plate
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6.4 The Feed Centre Assembly

The feed lines are connected to coaxial cables that run from the antenna to a balun,
which provides the differential signal for the excitation structure. 0.141” Semi-
rigid SMA cables with uninsulated copper shields were used for these connections.

SMA cables are run through the gap in the back of the antenna and connected
to the feed lines in the centre of the antenna. A method was required to secure
and ground the SMA cables to the body of the antenna. A plug was designed to
be inserted into the centre of the back section and secured with machine screws.
Brass was chosen as the material for the plug because it is easy to machine and
can be soldered to. The plug, which is referred to as the “brass plug” in this thesis,
is shown in figure 6.10. The plug has holes which the cables passed through and
the outside shield of the cables is soldered to the plug. After the SMA cables are
soldered, the resulting component is referred to as the “feed centre assembly”. A
flange with holes for securing the plug to the back section was added to the base of
the plug. The centre conductor of the SMA cables extends beyond the plug to be

connected to the feed line centre conductor with solder.

Figure 6.10: The Brass Plug
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Chapter 7

Prototype Fabrication and
Assembly

This chapter describes the process and equipment used to fabricate and assemble

the prototype.

7.1 Fabricating the Components

The main components of the antenna were fabricated in the University of British
Columbia (UBC) Okanagan Campus engineering machine shop. The front cylin-
ders, choke, and back section were fabricated out of solid cylinders of aluminum.
For the back section, the raw aluminum block was reduced to the correct radius and
depth on an automated lathe machine (auto-lathe). The resulting block was then
mounted on a CNC milling machine, and the excitation matching structure and the
excitation gaps were milled out. The block was remounted to drill the screw holes
and screw clearances for the mounting screws. The screw threads were tapped out
by hand.

For the front cylinders, an auto-lathe was used to reduce the outside radius, bore
out the centre of the cylinder, and cut out the matching steps to the correct radii.
The CNC milling machine was used to drill the screw holes into the cylinders and
the screw threads were tapped out by hand. Since the choke did not have an inner

wall, it was also machined out using an auto-lathe.
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The brass plug was machined with the auto-lathe and CNC milling machine.
The combined feed line and excitation elements were fabricated from 1/8” sheet
copper. Complex shapes can be easily cut from sheet metal using a CNC water-jet
machine. One concern with the water-jet cutter was its ability to create parts as
thin as 0.5 mm. Tests showed that the water-jet cutter could easily cut the narrow
parts with very high accuracy. The parts cut with the water-jet cutting machine
had a fine grainy feel to them and it was assumed this would not affect the results
over the design frequency range. One of the excitation structures created with the

water-jet cutter is shown in figure 7.1.

Figure 7.1: Fabricated Combined Feed Line and Excitation Elements

7.2 Building the Feed Centre Assembly

As discussed in section 6.4, the feed lines are connected to four coaxial cables
that run through the back of the antenna. 0.141” semi-rigid SMA cable was used
because this cable is easy to work with and was readily available. Figure 7.2 and
figure 7.3 show the cable preparation process. Four sections of this cable were cut
to approximately the same length. The outer shield and insulation were stripped
away from both ends of each cable using a device specifically designed for this
type of cable. Male SMA connectors were then attached to one end of each cable
using a jig to prevent the dielectric in the cables from expanding during soldering.

The cables were then bent 90° for reasons that will become clear later.
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(a) Stripped SMA (b) SMA Connectors
Cables Attached on the Cables

Figure 7.2: Preparing the SMA Cables for Assembly

Figure 7.3: Prepared SMA Cables

7.2.1 Testing the Feeding Cables

Each cable was marked with a number for tracking and then tested using a net-
work analyzer. S;; was measured for each open circuit cable. Figure 7.4 shows the
cables are well matched in S;; magnitude and it is difficult to see any significant
difference between them. There is also good phase matching between the cables.
All the cables exhibited resonant behaviour, which was caused by the stripped sec-
tion at the end of each cable. The stripped sections were acting like quarter-wave
monopole antennas. The frequencies that the resonance peaked at was consistent
with the lengths of stripped cable. Since all the cables had similar responses, es-
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pecially in the operating bandwidth of 1 GHz to 8 GHz, it was concluded that the
mechanical shaping of the cables did not affect the impedance and phase match of
the cables.

[S11] [dB]

-20
I

-30
]

T T T T
0 05 1 1.5 2

Frequency [GHz]

Figure 7.4: Measured |S\1| for the Four Feeding Cables

7.2.2 Assembling the Feed Centre Assembly

Assembling the feed centre assembly was a significant challenge. Assembly re-
quired that the shield of the feeding cables be soldered to the plug. The plug has
significant thermal mass and it was difficult to heat it up enough to make good
solder joints. A test plug was fabricated and used to evaluate different methods for
soldering. All the evaluated methods either did not produce enough heat or caused
the dielectric in the cables to expand significantly.

Instead, silver epoxy was used as an conductive adhesive to bond the cables to
the plug and create a good electrical connection without the use of heat. The open

end of the cables were coated with epoxy and inserted into the plugs. The free ends
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of the cables were held in position while the epoxy set. After the epoxy set, the
epoxy bonds were tested for physical strength. The bend in the cables acted like a
lever and any force put on the end of the cables put significant torque on the epoxy
bonds. There was insufficient physical strength in the epoxy bonds to support the
baluns. This may have been because the epoxy used was near the end of its shelf
life. Reinforcement of the bonds was required to mitigate the risk of the feeding
cables becoming loose during testing. Due to time constraints, a rig was quickly
made of wood and duct tape to reinforce the feed centre assembly. The completed

feed centre assembly is shown in figure 7.5.

Figure 7.5: Assembled Feed Assembly

S11 was measured again on the network analyzer and it was found that all four
cables had comparable performance. This verified that each cable’s shield had a
good electrical connection to the plug and none of the cables’ centre conductors
were shorted by the epoxy.

7.3 Assembling the Full Prototype

The next step in the assembly process was to attach the mounting plate to the back
section. Before the mounting plate was attached, holes were drilled in the mounting
plate that aligned with the screw clearances in the back section. The mounting plate
was then secured with machine screws and the feed centre assembly was inserted
into place and temporarily secured. This is shown in figure 7.6 and figure 7.7. The
SMA connectors were placed on the sides of the back section and secured with

SCrews.
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Figure 7.6: Back View of Assembled Back Section and Mounting Plate

Figure 7.7: Front View of Assembled Back Section and Mounting Plate
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To position the excitation structures correctly, spacers that could withstand the
heat from soldering were needed. To achieve the correct distance from the cross
pieces to the waveguide walls, drill bits were used as spacers. To position the
excitation structure at the correct height in the feed gap, spacers were constructed
out of small pieces of printed circuit board (PCB) wrapped in ruban tape until
it reached the correct thickness. Once the spacers were in place, the excitation
structure was inserted then centred in the feed gap. The excitation structure was
held in place by hand while the two ends of the feed line were soldered to the
connection points. The spacers were then removed. This procedure was repeated
for the other three excitation structures and the positions were verified using a
caliper. The solder connection to the feed centre assembly are shown in figure 7.8

and the completed back section is shown in figures 7.9 to 7.11.

Figure 7.8: Connections to Feed Line

The final step of the assembly procedure was to secure the front cylinders and
the choke. The front cylinders were positioned by hand and secured in place with
machine screws. Since the cylinders are circularly symmetric, the only position
requirement is that the screw holes line up. After all the cylinders were attached,
the choke was seated on the outermost cylinder and was secured with machine
screws, as shown in figure 7.12 and figure 7.13. This completed the prototype

assembly procedure.
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Figure 7.10: Fully Assembled Back Section
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Figure 7.12: Front Section Attached without Choke
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Figure 7.13: Front Section Attached with Choke
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Chapter 8

Prototype Testing

This chapter outlines the testing procedures used during this project. The purpose
of constructing and testing the prototype was to verify the accuracy of the simu-
lation software for this design, specifically in regard to farfield patterns and return
loss. A series of bench tests was conducted using a network analyzer to measure
the input return loss of the prototype. Subsequently, a large number of nearfield
radiation patterns were measured in a nearfield anechoic chamber. The farfield

radiation patterns were then derived.

8.1 Network Analyzer Tests

The electrical performance of the prototype was tested with an Agilent model
N5230A network analyzer. Figure 8.1 shows the test setup. A block of electro-
magnetically transparent foam was placed at the aperture of the waveguide to give
the electromagnetic field space to form. Several blocks of radio absorbing foam
were then placed on top of the electromagnetically transparent foam. The radio
absorbing foam provided a way to measure the input return loss of the operating
prototype without having to move the prototyping into an anechoic chamber.

The network analyzer has a feature that configures a pair of ports into a simu-
lated differential port. The differential port provides two oppositely phased signals
to drive the excitation structure. To verify this function, an experiment was con-

ducted comparing the performance of the differential port to the performance of a
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Figure 8.1: Simulated Differential Port Test Setup with Absorbing Foam

single port with a balun.

For this experiment, a number of Pulsar Microwave Corporation hybrid devices
were used. A hybrid is a four port device that can split power equally to two output
ports either in phase (SUM) or 180° out of phase (DELTA). Since hybrids are pas-
sive devices, they can also sum power in either the SUM or DELTA configuration.
The manufacturer’s specifications for the baluns are shown in table 8.1. It was a
coincidence that the bandwidth of the hybrids exactly matched the bandwidth of
each waveguide in the antenna.

The first step in the experiment was to verify that both polarizations of the pro-
totype have equivalent performance. This was done by exciting both polarizations
with simulated differential ports as shown in figure 8.2. The performance of the
two polarizations were similar, within £0.5 dB for most frequencies, implying that
the excitation structures for both polarization were physically very similar.

A side by side test was then performed by exciting one polarization using a
hybrid, and the other polarization using a simulated differential port. This set up is
shown in figure 8.1. The results for each frequency band are shown in figures 8.3
to 8.5.
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Figure 8.2: Test Setup for Comparing the Performance of the Polarizations

—— Metwork Analyser Differential Source
---- Single Source with Hybrid

Return Loss [dB]

Frequency [GHz]

Figure 8.3: Comparing the Network Analyzer Differential Source to a Single
Source with Hybrid for Band One
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Figure 8.4: Comparing the Network Analyzer Differential Source to a Single

Source with Hybrid for Band Two

i — Network Analyser Differential Source
e ---- Single Source with Hybrid
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Figure 8.5: Comparing the Network Analyzer Differential Source to a Single
Source with Hybrid for Band Three
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These figures demonstrate that the network analyzer’s simulated differential
port successfully emulates a balun. The only notable differences are a slight change
in the amplitude and some resonance spikes at high frequency. These can be at-
tributed to the performance of the hybrids themselves and the physical difficulties
in producing radio frequency components that operate at high frequencies.

Since the network analyzer’s simulated differential ports were found to have
equivalent performance to that of the hybrids, the differential ports were used for

all remaining network analyzer tests.

8.1.1 Alternative Feed Line Termination Tests

During the network analyzer tests, multiple feed line terminations were tested.
For matched terminations, conventional 50 2 SMA loads (figure 8.6a) were used.
Short circuit terminations were created by modifying SMA ports (figure 8.6b) and
then tested. Finally, open circuit terminations, which require no additional hard-

ware, were tested.

(a) 50 Q (b) Short-Circuit

Termination Termination

Figure 8.6: Feed Line Terminations for Bench Tests

8.1.2 Addressing the Return Loss Shortfall

In testing, it was determined that the return loss magnitude was significantly below
the expected value. One possible reason for this shortfall was the empty space at

the centre of the excitation structure (see figure 7.8). The feed line connections
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and this open space were not included in the electrical design simulations. After
the prototype was fully tested in the anechoic chamber, the prototype was modified
in an attempt to remove this space. A filler plug was machined out of brass and
installed into the back section, as shown in figure 8.7 and figure 8.8. The filler plug
was held in place using copper tape as shown in figure 8.9. In addition to securing
the filler plug, the copper tape serves to form a solid electrical connection between

the filler plug and the back section.

Figure 8.7: Fabricated Brass Filler Plug

8.2 Farfield Testing

To test the farfield patterns of the prototype, nearfield patterns were measured in an
anechoic chamber located at DRAO. An computational transformation was then
applied to the nearfield data to derive the farfield patterns. More information on
nearfield antenna measurements and the nearfield-to-farfield transformation can be
found in [28] and [31]. The anechoic chamber used for the test is shown in figure
8.10.

An anechoic chamber is a room designed to simulate free space. To achieve
this, the chamber minimizes the reflection of signals by covering the floor, walls,
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Figure 8.9: Brass Filler Plug Secured with Copper Tape
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8% 4 1 bW
Figure 8.10: The Anechoic Chamber at DRAO

and roof with radio absorbing material. The absorbing material is not completely
effective at absorbing all signals that strike it. To increase the absorbing efficiency,
the material is shaped into pyramids that are angled such that the signal strikes
and reflects back into the material multiple times before being reflected back into
the chamber. The anechoic chamber is equipped with two positioners, a prototype
positioner with two degrees of freedom (azimuth and roll) and a probe positioner
with one degree of freedom (roll). The prototype is mounted onto the prototype
positioner using a mounting plate. One of a set of interchangeable test probes is
mounted onto the probe positioner.

A computer outside the anechoic chamber controls the movements of the posi-
tioners and collects data directly from a network analyzer. The network analyzer
is located outside the anechoic chamber and is connected to both the prototype and
the probe through cables embedded inside the positioners.

As shown in figure 8.11, the network analyzer used by the anechoic chamber
is not as advanced as the network analyzer used in the bench tests and only has
two ports. To provide the required differential signal to the prototype, the hybrids
specified in table 8.1 were used. Figure 8.12 shows one of the hybrids feeding

the prototype antenna with radio absorbing material attached to prevent signals
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reflected off the hybrid.

Figure 8.11: Network Analyzer (Top) and Motor Controller (Bottom) for the
Anechoic Chamber

The probes used for testing this prototype were rectangular waveguides with
the specifications shown in table 8.2. A mounting plate was used to secure the
probe onto the probe positioner. The SMA cable embedded in the positioner was
connected to the probe as shown in figure 8.13. The probe mounting plate was
covered with a piece of radio absorbing material as shown in figure 8.14.

The computer in the antenna laboratory uses the proprietary software listed in
table 8.3 to control the positioners and collect the nearfield data. The 959Spectrum
software reads the network analyzer data for each position of the prototype and
probe, and records the signal amplitude at the frequencies specified by the user.
These measurements are the nearfield data for the prototype. The SpectrumAnal-
ysis software takes the nearfield data and using a number of physical parameters
entered by the user performs a computational transformation that translates the
nearfield data to the corresponding farfield data. The nearfield data and farfield

data can be shown graphically in SpectrumAnalysis, but for this project the data
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was exported into an ASCII format. The ASCII files were parsed, analyzed, and
plotted using scripts.

Figure 8.12: Balun Attached to the Prototype and Shielded by Radio
Absorbing Material

Table 8.2: Specification of Probes Used for Nearfield Measurements

Make / Model SN/PN Frequfggzﬁange L[zlflt]h
Orbi/FR AL-PRB-770 | SN: 770-1001 0.95 — 1.45 595
Orbit/FR AL-PRB-510 | SN: 510-1001 145-22 595
NSI-RF-WR340 N/A 22-33 677
NSI-RF-WR229 N/A 33-49 522
NSI-RF-WR159 N/A 49-7.05 403
MI-6970-WR112 SN: 2484 7.05 - 10.0 N/A
PN: 584800-007
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Figure 8.13: Probe in the Anechoic Chamber

Figure 8.14: Probe in the Anechoic Chamber with Radio Absorbing Material
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Table 8.3: Software Used in the Antenna Laboratory

Program \ Provider \ Version | Purpose

959Spectrum Orbit/FR 5.0.6 Controls Positioners and
Collects Data

SpectrumAnalysis | Orbit/FR | 50.806.15 | Converts Nearfield Data to
Farfield
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Chapter 9

Results

This chapter summarizes the data collected for the feed antenna design. Data in-

cludes simulation results as well as experimental results for the prototype.

9.1 Return Loss

The return loss for the simulated electrical design is shown in figure 9.1. Figure 9.2
shows the experimental return loss for the prototype. For comparison, the return
loss of the prototype is shown with short circuit feed line terminations (figure 9.3)
and open circuit feed line terminations (figure 9.4). As discussed in section 8.1.2,
a modification was made to the centre of the excitation structure to try to bring the
experimental return loss closer to the simulated result. The return loss after this

modification is shown in figure 9.5.

9.2 Farfield Results

The farfields are plotted using the E-plane and H-plane cuts to present the co-
polarization component of the farfield, and the ¢ = 45° cut to present the cross-
polarization component of the farfield. In linearly polarized antennas, the E-plane
is defined as the plane containing the electric field vector at the excitation source,
which was ¢ = 90° in both the simulation and experimental setups. The H-plane
is defined as the plane perpendicular to the E-plane, which was ¢ = 0° in both the

simulation and experimental setups. These three cuts are the conventional views
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Figure 9.1: Simulated Return Loss
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Figure 9.2: Experimental Return Loss Using 50 Q Feed Line Terminations
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Figure 9.3: Experimental Return Loss Using Short Circuit Feed Line
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Figure 9.4: Experimental Return Loss Using Open Circuit Feed Line
Terminations
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Figure 9.5: Prototype Return Loss of Prototype with Feed Line Modifications
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for antenna farfields, as they normally contain the extrema of the farfield patterns.
Additionally, all the farfield patterns are normalized to the magnitude of the E-
plane at the boresight.

Figures 9.6 to 9.9 shows the results from the simulations of the electrical de-
sign. Since the simulated patterns are symmetric about 8 = 0°, only half of each
pattern is shown to allow all three cuts to be shown on the same figure. In order to
save space, four frequency samples are shown per figure.

The experimental farfield patterns are shown in figures 9.10 to 9.17. Unlike
the simulation results, the experimental farfield patterns are not symmetric, and are
broken into two sets of figures; one showing the E-plane and cross-polarization
graphs, and the other showing the H-plane graphs.
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Chapter 10

Discussion

This chapter discusses the simulated and experimental results, the prototyping pro-

cedure, and the project as a whole.

10.1 Comparison of Simulated and Experimental Return
Loss

One of the purposes of the prototype was to test how accurately CST was able to
model this design of antenna. Return loss is easy to compare because it is a two-
dimensional data set. Figure 10.1a compares the simulated results to the original
experimental results. From 1 GHz to 4.5 GHz there is good agreement between
the simulated and experimental return loss. Above 4.5 GHz the agreement is not as
good, where there are discrepancies over the amplitude of the return loss. The feed
centre modification discussed in section 8.1.2 was made in an attempt to improve
the agreement between the experimental and simulated return loss. Figure 10.1b
compares the experimental results for the modified prototype to the simulated re-
sults. Except for the frequency range from 7 GHz to 7.5 GHz, the return loss with
the modified feed centre has generally good agreement between the simulated and
experimental results.

Comparing the unmodified prototype results to the results after the feed centre
modification, the agreement between the simulated results and the experimental

results was slightly worse from 1 GHz to 3 GHz, but significantly improved from
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Mormalized Return Loss [dB]

Normalized Return Loss [dB]

10

10

— Experimental
-------- Simulated

Frequency [GHz]

(a) Return Loss Comparison without Modification

—— Experimental
-------- Simulated

Frequency [GHz]

(b) Return Loss Comparison with Modification

Figure 10.1: Comparison of Return Loss Data
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4.5 GHz to 7 GHz. This behaviour can be explained using the principle of electric
size. The feed centre modification involved filling a space in the centre of the
excitation structure. At low frequencies, the electric size of this space is small. As
a result of this, the space had little effect on the results, meaning that removing the
space also had little effect on the results. At mid-frequencies, the electric size of the
space was significant, and removing the space improved the performance. Finally,
at high frequencies, the small wavelength of the signal means errors in construction
or measurement are more significant. Most notably, the centre conductor of the
feed line may not have been perfectly centred in the feed gap, which would affect
the high frequency results more that the low frequency results.

Another factor that may have contributed to discrepancies between the sim-
ulated and experimental results are some of the simplifications made during the
simulations. To reduce computation complexity, assumptions were made in CST
that the antenna was made of an ideal conductor, and that the background material
was a vacuum. Both these assumptions removed damping effects that may have
occurred in the prototype. Without this damping, the simulation results may have

resonant behaviours that were not reflected in the prototype.

10.2 Evaluation of Return Loss

The return loss from both the simulation and experimental results were inferior to
the design goal of 10 dB across the entire operating bandwidth. This is a significant
shortcoming in the design. To understand this shortcoming, we consider the return
loss in terms of the piece-wise return loss of each component. Figure 10.2 shows
the layout of the components that affect the overall return loss. This figure assumes
no interaction between the components. From figure 5.18, the return loss for the
excitation structure is greater than 10 dB for almost the entire operating bandwidth
of the antenna. Figure 5.22 shows that the return loss for each aperture matching
structure is between 3 dB and 7 dB across the bandwidth of the matching structure.
The return loss of the aperture matching structures is the dominant limiting factor
in the overall return loss. Since multiple components are combined in the design,
each component must have a return loss greater than 10 dB to achieve the overall

return loss goal of 10 dB.
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10.3 Simulated Farfield Patterns

The simulated farfield patterns of the electrical design that are shown in section 9.2
can be categorized as generally good with issues at specific frequencies. Figure
10.3 shows an example of a near ideal farfield pattern. This pattern exhibits very
good symmetry between the E-plane and H-plane, an edge illumination of -10 dB,
and a very small cross-polarization component. Similar patterns were common in
the simulated results, especially in the lower frequencies. In these good patterns,
the edge illumination of the farfield patterns tended to be somewhat high, often
around -7.5 dB. The high edge illumination was a deliberate trade off made during
the design procedure in order to increase the bandwidth of each waveguide. The
edge illumination issue could be resolved without affecting the bandwidth by either
changing the f/D ratio of the parabolic antenna used or by using a dielectric lens to
reshape the farfield.

Cross-Polarization Co-Polarization
= 4 o=45°

—— E-plane
---- H-plane

Normalized Amplitude [dB]

Theta (#) [Deg]
Figure 10.3: Near Ideal Farfield Pattern — Design Simulation — 2.05 GHz

The frequency-specific farfield issues manifest themselves as poor farfield pat-
terns over narrow frequency ranges. Some of the frequency ranges may be so
narrow that they fall completely between frequency samples in the simulation. The

narrowband nature of these issues hints at a possible resonant cause, but investiga-
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tion of this theory was not pursued. Most poor farfield patterns were variations on
a dual-peak pattern. An extreme example of a dual-peak farfield patten is shown
in figure 10.4. This pattern has a large null at the boresight. This null indicates
that parts the electric field are pointing in opposite directions, such as in the TE;;
and TE3; waveguide modes. The TE;; waveguide mode is unlikely since it di-
rectly contradicts the excitation structure, meaning that it is likely that the TE3;
waveguide mode was present in the waveguide. Additional simulations were run
examining the mode amplitudes in the waveguides which showed that the TE3;
mode had a higher amplitude at frequencies that exhibited dual-peak farfield pat-

terns than at frequencies that had good farfield patterns.

- Cross-Polarization Co-Polarization
S e =450 R — E-plane
= /_ \"" H-plane

Normalized Amplitude [dB]

Theta (#) [Deg]
Figure 10.4: Dual-Peak Farfield Pattern — Simulation — 3.15 GHz

Not all occurrences of the dual-peak patterns were detrimental to the perfor-
mance of the antenna. Figure 10.5 shows a weak dual-peak farfield pattern. This
pattern has a flat amplitude curve near the boresight, and almost no null at the
boresight. Because this farfield pattern is closer to the theoretical ideal rectangle
pattern, it will collect more energy off the parabolic antenna than the farfield pat-
tern goal set in chapter 4. However, this pattern is the result of both the TE;; and
TE3; wave modes operating in the waveguide. It would be very difficult to control

the relative amplitudes of the two modes in order to generate good farfield patterns

119



over the entire frequency range. It is preferable in this case to have only one active

waveguide mode.

Cross-Polarization Co-Polarization

o s =450 e aaanaE — E-plane

\ ---- H-plane

Normalized Amplitude [dB]
20 15
1 1
%-\ \

Theta (#) [Deg]

Figure 10.5: Weak Dual-Peak Farfield Pattern — Simulation — 3.35 GHz

Additional farfield issues were caused by the TE;; waveguide mode operating
in multiple waveguides at the same frequency. Although the waveguides would
have the same mode, the electromagnetic fields would be out of phase at the aper-
ture, resulting in unpredictable farfield patterns. This effect is particularly notice-
able at the overlap of the frequency bands of the second and third waveguide, with
the farfield pattern shown in figure 10.6.

10.4 Experimental Farfield Patterns

As expected, the experimental farfield patterns exhibited the same general shape as
the simulated results. Figure 10.7 shows an experimental result that is very close to
the design goals. The experimental farfield results also exhibited dual-peak farfield
patterns as well as patterns with more than two peaks that were not seen in the
simulated results. Two examples of multi-peak results are shown in figure 10.8
and figure 10.9. One behaviour unique to the experimental results is frequency

dependent asymmetric farfield patterns, as demonstrated in figure 10.10. This be-
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Cross-Polarization
........ Gb=45°

10
]

Co-Polarization
- - — E-plane
—\ / \\\ === H-plane

Normalized Amplitude [dB]

-30
:

T T - T : T T
100 50 0 50 100

Theta (8) [Deg]

Figure 10.6: Farfield at Frequency Band Overlap — Simulation — 4 GHz

haviour was observed over narrow frequency ranges in the mid and high frequency
bands of the antenna. Since the antenna is designed to be symmetric, these asym-
metric farfield patterns must be caused by construction errors or obstructions in
the anechoic chamber. Construction errors would be expected to affect the entire
bandwidth, and not produce narrowband issues such as those observed. The ane-
choic chamber did have a post in it that is used to mount a web camera. This post
is covered by radio absorbing material and located in the corner of the chamber
behind the prototype positioner. The post would be expected to have an effect on
the farfield consistently at high frequencies and not at low frequencies. Neither of
these theories are consistent with the observed farfield patterns. These asymmet-
ric patterns require further investigation, beginning with obtaining a second set of
experimental farfield results.
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Normalized Amplitude [dB]

Mormalized Amplitude [dB]

Cross-Polarization i Co-Polarization
[=J — E-plane
i ---- H-plane
I.{I! -
e
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E
2 |
T T T T T
-100 -50 0 50 100
Theta (8) [Deg]

Figure 10.7: Near Ideal Farfield Pattern — Experimental — 2.1 GHz

2 - |Cross-Polarization Co-Polarization
: —— E-plane
---- H-plane
o -
= .
0
=]
]
o |
7 i i
T T T T T
-100 -50 0 50 100
Theta (8) [Deg]

Figure 10.8: Dual-Peak Farfield Pattern — Experimental — 6 GHz
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Cross-Polarization

Normalized Amplitude [dB]
-10

Co-Polarization

— E-plane
---- H-plane

Figure 10.9: Multi-Peak Farfield Pattern — Experimental — 6.35 GHz

i I . i -
0 50 100
Theta (#) [Deg]

Cross-Polarization
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Co-Polarization

— E-plane
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Figure 10.10: Asymmetrical Farfield Pattern — Experimental — 2.2 GHz
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10.5 Comparing Simulated and Experimental Farfield
Patterns

The simulated and experimental farfield results were compared to determine the
simulator accuracy for this antenna design. This is a key result of this experiment,
because it validates CST as a tool to continue development of this design. The
complete set of comparison plots are too numerous to include in this thesis and are
kept on file at DRAO. The simulated farfield results are generally in good agree-
ment with the simulated results, especially at low frequencies. An example of good
agreement between simulated and experimental results can be seen in figure 10.11.
The only common discrepancy between the simulated and experimental results is
the cross-polarization component around the boresight. This is expected since the
the simulator has —oo dB cross-polarization component at the boresight which is
not achievable in practice. The simulator was also able to accurately predict the
frequencies at which a dual-peak pattern would occur, although the relative am-
plitudes of the dual-peaks were often incorrect with an error as large as £5 dB.
A comparison of a dual-peak pattern is shown in figure 10.12. It is important to
have good agreement for dual-peak patterns, as this behaviour is undesired and
needs to be minimized. A grid sensitivity analysis could be conducted in CST
with a specific goal of improving the agreement of the amplitude of dual-peaks.
There were narrow frequency ranges that had poor agreement between simulated
and experimented results. One example of this was at 4.35 GHz shown in figure
10.13. The only discrepancy that occurred over an extended frequency range was
from 5.45 GHz to 5.6 GHz. There was poor farfield pattern agreement through-
out this frequency range as illustrated by figure 10.14. These discrepancies should
be investigated to see if the simulation model or the construction method can be

changed to improve agreement.

10.6 Correlation Between Return Loss and the Quality
of the Farfield Patterns

The relationship between the return loss of the antenna and the quality of the
farfield patterns as a function of frequency was investigated. For this analysis the

experimental results were used. The frequencies that had the worst farfield patterns
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Normalized Amplitude [dB]

Mormalized Amplitude [dB]

10

30

20

Simulated
—— Co-Polarization - E-plane
---- Go-Polarisation - H-plane
-------- Cross-Polarization - ¢ = 45°

Experimental
—&— Co-Polarization - E-plane
-#- Go-Polarization - H-plane
&y Cross-Polarization - ¢ = 45°

Figure 10.11: Good Agreement in Farfield Results — 2.8 GHz

Simulated
—— Co-Polarization - E-plane
---- Co-Polarisation - H-plane
-------- Cross-Polarization - ¢ = 45°

Experimental
—&—  Co-Polarization - E-plane
-#4- Co-Polarization - H-plane
& Cross-Polarization - ¢ = 45°

Figure 10.12: Different Amplitude of Dual-Peak — 4.05 GHz
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Simulated Experimental

—— Co-Polarization - E-plane —&— Co-Polarization - E-plane
---- Co-Polarisation - H-plane -#&- Co-Polarization - H-plane
-------- Cross-Polarization - ¢ = 45° & Cross-Polarization - ¢ = 45°

Normalized Amplitude [dB]

-100 -50 0 50 100

Theta (6) [Deg]

Figure 10.13: Poor Agreement in Farfield Results —4.35 GHz

Simulated Experimental

L=
—— Co-Polarization - E-plane —&— Co-Polarization - E-plane
---- Co-Polarisation - H-plane -&- Co-Polarization - H-plane
........ Cross-Polarization - ¢ = 452 & Cross-Polarization - ¢ = 45°

T
e

Normalized Amplitude [dB]
-10

T
-100 -50 ]

Theta (6) [Deg]

Figure 10.14: Sample from Extended Frequency Range of Poor Agreement in
Farfield Results — 5.5 GHz
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were noted and the return loss was found for those frequencies. It was discovered
that the frequencies that had very poor farfield patterns also had very high return
losses, in excess of 10 dB. The converse was also found to be true, that the fre-
quencies that had good farfield patterns generally had a return loss between 2 dB
and 6 dB. This correlation makes sense when the reasons for poor farfield patterns
are considered. The two major causes of poor farfield patterns are multiple modes
propagating and multiple waveguides radiating at the same frequency. Both these
situations allow more energy to be coupled from the excitation structure to free
space and as a result the return loss is increased at those frequencies. This makes
the return loss a somewhat misleading metric and it should be noted in further test-
ing that the return loss is only an accurate measure of performance at frequencies

with good farfield patterns.

10.7 Effects of Poor Return Loss at the Aperture

Each individual section of the antenna was designed assuming all other sections
functioned perfectly. Since this assumption was false, there could be interactions
between the sections. Most notably, the poor return loss at the aperture likely
had negative effect on the performance of the other sections of the antenna. One
hypothesis is that the poor return loss at the aperture was translated back to the
excitation structure, leading to excitation performance inferior to that predicted by
the piece-wise simulations. This would cause the signal to travel further down the
feed line than it would otherwise and radiate into the wrong waveguides. These
outer waveguides have lower cutoff frequencies, which would result in increased
over-moding and worse farfield patterns. This hypothesis was not confirmed during

this project.

10.8 Issues with Prototype Construction

The construction of the prototype generally went well. Except for the excitation
elements, which were redesigned late in the design process, all the components of
the antenna could be fabricated as designed.

A few issues were found during the assembly procedure. It was difficult to

position the centre conductor of the feed line correctly in the feed gap while the
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feed line was being soldered. This can be solved by creating improved spacers,
possibly using a water-jet cutting machine.

During the assembly of the back section, it was found that the semi-rigid SMA
cables were blocking some of the screw holes used to secure the the front cylinders
in place. This is shown in figure 10.15. Additionally, since these cables extended
well out from the centre of the waveguide, they could easily torque the connections
inside the antenna. Both these problems could be resolved by replacing the semi-
rigid SMA cable in the design with flexible SMA cable. However, flexible SMA
cable is harder to modify. This would make the connections to the feed lines inside

the antenna more difficult.

Figure 10.15: Semi-rigid SMA Cable Protruding from Back Section

For final assembly, it was found that positioning the front cylinder correctly
while inserting the first and second screws was often difficult. This could be reme-
died by using pins for positioning. This option was considered during the design
phase but never implemented. Once all the screws were in place they functioned
well as fasteners and the prototype felt very solid.

The most significant issue with the physical design was the construction of the

feed centre assembly. The brass plug was very difficult to solder and the conduc-
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tive epoxy was not strong enough to prevent the SMA cables from moving. No
modification to the current design has been conceived and it would be advisable to

completely redesign this component.

10.9 General Feasibility of the Design

The general feasibility of this design will be determined by how well the design
meets the design goals, the ability to physically realize the design, the performance
of the design, and the prospects of correcting any shortcoming in the design. This
design meets the goal of taking one differential source and feeding multiple nested
waveguides using a common excitation structure. The design goal of generating
good farfield patterns across a wide bandwidth was also achieved with a bandwidth
ratio of 8:1. The goal of having all the antenna components scale with frequency
was not fully met because the angle of the excitation elements was different for
each waveguide. This increases the complexity of designing the excitation struc-
ture for further iterations of the antenna design. The height of the feed line and
excitation elements also did not scale with frequency, but it is believed that this
will have little effect on future iterations of the design. Since a prototype was
successfully built and tested, the current design has been proven to be physically
realizable.

The return loss performance for this design was poor. This issue has been
traced back to the poor performance of aperture matching structures. There were
some poor farfield patterns, but these were all frequency-specific issues and the
majority of the operating range had good farfield patterns. It is hypothesized that
the poor farfields patterns will be improved by addressing the return loss issue.
As such, the overall feasibility of this design hinges on the ability to significantly
improve the return loss at the aperture. If a solution to this problem can be found,

this antenna design could be fully feasible.
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Chapter 11

Further Work

It was known from the conception of this project that it would require many years
of work to produce a fully realized design. Since the primary researcher for this
project was a student working towards a Master’s degree, the work was scaled
down to fit a reasonable time-line for the student. Throughout the course of the
project many possible design options were not explored due to time constraints,

and some issues were not resolved.

11.1 Improved Aperture Matching Structure

As discussed in section 10.2, the return loss at the aperture was a limitation of the
design. This should be the first problem tackled when iterating on the design. The
most promising avenue of research to solve this problem is to use extended centre
conductors at the aperture in order to improve the return loss. An attempt could be
made to modify the antenna design to work with an aperture structure similar to
the one given in [26]. This aperture strucutre has been shown to have good return
loss and reasonable farfield patterns.

A number of other possible solutions to the aperture return loss issue were
conceived but not tested. One possible solution considered is to place dielectric
material either in front of the antenna or inside the waveguides to try to improve the
impedance match between the waveguides and free space. Conventional dielectric

materials or meta-materials with a negative dielectric constant could be considered
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for this purpose. Irises installed inside the waveguide have also been shown to
improve matching with free space [11], but these matches are narrowband, and the
challenge would be to design a system of irises to create a wideband match. A final
possible solution would be to increase the waveguide ratio to improve the match
between the waveguides and free space, but this would require altering all the other

components in the antenna design to work over a significantly wider bandwidth.

11.2 Feed Centre Redesign

As discussed in section 10.8, the feed centre assembly was very hard to construct,
and should be redesigned. This component is not tied to the electrical design and
can be redesigned without considering the effects on the farfield patterns. However,
as noted in section 8.1.2, a poorly designed feed centre can affect the return loss.
This needs to be considered during the redesign of the component. The feed cen-
tre component must physically secure the incoming coaxial cables to the antenna,
ground the shield of the coaxial cables to the body of the antenna, and facilitate the
connections between the feed lines and the centre conductor of the coaxial cables.

An alternative design could use PCBs to accomplish these tasks.

11.3 Balun

A balun is a device that coverts an unbalanced line to two balanced lines and vice
versa. The antenna design created in this project requires two sets of differential
signals. Baluns that have the same bandwidth as the antenna need to be either

designed or sourced.

11.4 Excitation Optimization and Redesign

The excitation structure presented in this thesis has performance that almost meets
the design goals. Because the excitation structure was modified after fabrication
had begun, is was not fully optimized. Specifically, the lengths from the excitation
elements to the shorting back plate and the feed line impedance were already fixed
when the excitation structure was redesigned. It is likely that if the structure is

re-optimized with these parameters available to the optimizer, the performance of
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the excitation structure could be improved.

It would be worth while to see if the excitation structure could be redesigned
to be made out of PCB. The structure already has a thickness of 1/8” so this is not
unreasonable. If the excitation structure could be made out of PCB, it would make
the tasks of securing the excitation structure and attaching the coaxial cables and
feed line terminations significantly simpler.

The excitation structure in this design does not meet the periodic design prin-
ciple, as the excitation elements do not scale from one waveguide to the next. This
was done for two reasons, the thickness is constant so that the excitation struc-
ture can be cut out of a single piece of sheet metal, and the angle changes from
waveguide to waveguide to reduce over-moding in the outer waveguides. If the
over-moding issue can be addressed in some other way, the excitation structure
should be redesigned to be periodic in shape with constant thickness. It is the-
orized, although not tested, that at low frequencies the thickness of the feed line
already has a small enough electric size that it can be considered arbitrarily thin.
If this is true, reducing the electric size further would not affect performance, and
additional waveguides could be added to the antenna with very limited alterations

to the excitation structure beyond extending it by the replication ratio.

11.5 Mode and Frequency Filtering

One possible way to address the dual peak farfield pattern issues is to add additional
mode and frequency filtering to the waveguides. Currently the tasks of frequency
filtering and mode control are attempted by the excitation structure with limited

Success.

11.6 Dielectric Lenses

As discussed in section 10.3, the farfield pattern for most frequencies was wider
than the design goal. One possible remedy to this problem is to use a dielectric
lens to reduce the beamwidth. Dielectric lenses are discussed in [23, pp. 370].
This concept could also be used with the parallel rectangular waveguide concept,
since that design was found to have farfield patterns that were too narrow. The

problem with using dielectric lenses is that they introduce additional losses into
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the system.

11.7 Choke Study

Due to time constraint, the choke was only partially optimized. An extended opti-

mization of the choke may find a more optimal, and possibly smaller, choke design.

11.8 Aperture Alignment Section Length Study

The effect of the aperture alignment sections that were discussed in section 5.9 on
the performance of the antenna is not fully understood. It was determined through
simulation that extending the lengths of the aperture alignment sections improved
the overall return loss. The aperture alignment sections should be studied more
thoroughly to determine how the space affects the return loss and if there are opti-

mal lengths that are reasonable to construct.

11.9 Phase Study

The phase centre of the antenna as a function of frequency needs to be determined.
CST provided phase data for the simulated antenna, but time restrictions prevented
this data from being analyzed. Ideally, the phase centre of a feed antenna should
be as stationary as possible and located at the focal point of the parabolic antenna

to achieve optimal efficiency.

11.10 Cryogenic Study

In radio astronomy, it is critical to reduce all sources of noise. To facilitate this,
feed antennas are often operated while cryogenically cooled to minimize thermal
noise. The physical model needs to be tested to see if the cooling process creates
any issues. This can be done using simulator tools, such as SolidWorks, or by

modifying and testing the prototype.
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11.11 Full Model Optimization

During the design of this antenna, only piece-wise optimizations of the sections
were conducted, ignoring the interactions between the sections. To improve per-
formance, the antenna as a whole should be optimized with all the major physical
dimensions as optimization parameters. It is expected that a full model optimiza-

tion would require many months to complete.

11.12 Improved Fabrication Techniques

The fabrication of the major components proved to be very wasteful of raw ma-
terials. For this prototype, each component was cut out of a separate block of
aluminium. This is extremely wasteful as the majority of the raw metal was turned
into shavings. In a production design, material waste could be vastly improved by
using a casting for the rough shape of the components and then finishing with a

lathe or milling machine.

11.13 Alternative Designs

A number of design alternatives were not explored in the design procedure. For
example, parallel rectangular waveguides could be used instead of nested coaxial
waveguides. This design was not chosen because it was found in simulation that
the parallel rectangular waveguide antenna produced farfield patterns that were too
narrow for the specified application. This design may become feasible if a method
was found to widen the farfield pattern. Another design that deserves some analysis
is a nested waveguide structure with the excitation elements located at the aperture.
This design was proposed in the initial concept work for this project but never fully

explored.
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Chapter 12

Conclusion

This project succeeded in taking a concept for a log-periodic waveguide antenna,
modelling the design, and then manufacturing and testing a prototype. The final
electrical design was composed of four sections: the excitation section, the aperture
section, the aperture matching sections, and the aperture alignment section. The
antenna was designed to produce good farfield patterns, have high return loss, and
be easy to construct.

The construction of the prototype went well, with a few areas that could be
improved upon in further iterations of the design. Most notably, the feed centre
structure requires a complete redesign. The prototype was tested and the simulated
results were compared to the experimental results. It was found that the simulated
results were in good agreement with the experimental results for the majority of the
prototype’s bandwidth, and the disagreements tended to be over narrow frequency
ranges.

The return loss of the design was found to be poor, ranging from 2 dB - 6 dB
compared to the return loss goal of 10 dB. This was most likely caused by the poor
performance of the aperture matching structures. The farfield patterns of the design
were good, although slightly wide. There were frequency-dependent issues with
the farfield, relating to either over-moding or multiple waveguides radiating at the
same time.

This design shows significant potential. A number of problems were success-

fully addressed in this design. If the aperture return loss issue can be solved, this
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design may become feasible for practical use. This design merits further work, as

do other design concepts that were not fully considered during the design process.
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Some Thoughts on Waveguide-Based Log-periodic Feed
Tom Landecker
8™ February 2010

Feeds based on waveguides have very low losses. Is it possible to design a log-periodic
feed based on waveguides?

Coaxial waveguides can provide very good illumination of paraboloidal reflectors.
Various designs exist that achieve good performance in two bands by nesting a circular
waveguide feed inside a coaxial waveguide feed, or performance in three bands by
nesting coaxial waveguides inside one another. It should be possible to obtain wideband
performance with an assembly of concentric coaxial waveguides whose diameters are
chosen in a log-periodic fashion, as illustrated in Figure 1.

Figure 1: A log-periodic assembly of coaxial waveguides.
d\/dy =dstds= dy/dy ete.

An individual coaxial waveguide feed can have a fractional bandwidth of 20% to 30%
without significant change in radiation properties, so this would determine the scaling
factor.



The phase centres of these feeds will be in or near the waveguide apertures. The front
face should either be flat or slightly sloped, as illustrated in Figures 2 and 3.

Figure 3: Cross section with sloped front surface. The optimum value of angle o
would have to be determined.




One possible complication arises from coupling between the waveguides. The high-
frequency signal radiated by the innermost coaxial waveguide would couple into the next
ring outwards, and so on. It may be necessary to use choke sections to eliminate this
coupling, as suggested in Figure 4.
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Figure 4: Feed with choke sections to eliminate or control coupling between
waveguides.

Exciting the coaxial waveguide feeds is a remaining problem. Each coaxial waveguide
could be excited by probes that would launch two orthogonal TE;; modes in each
waveguide, but we want to connect all the probes to one transmission line. One idea is
illustrated in Figure 5, but it is likely to be very hard to make this work.
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Figure 5: One possible means of exciting the waveguides.



An alternative is to put the exciting probes outside the front face of the waveguides, as
illustrated in Figure 6 (this was suggested in Bruce’s earlier scheme). However, this may
generate unwanted modes in the waveguides and may also cause unwanted coupling.

6_

Figure 6: Possible method of exciting the waveguides using a conductor outside
the front surface.
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Appendix B: DRAO Concept Drawing I
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Variations on the Eleven Antenna

1) Conventional Eleven antenna
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Appendix C: DRAO Concept Drawing 11

Document Date: 28 February 2010
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Variations on the Eleven Antenna
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Appendix D: Prototype Construction Drawings
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Appendix E: Feed Line Construction Drawings
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