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Department of Space, Earth and Environment, Onsala Space Observatory
Chalmers University of Technology

Abstract
Radio astronomy is a science which has helped us learn about the universe be-
yond the one visible to us through naked eyes. Radio telescopes have advanced
exponentially since their discovery. The feed of the radio telescope is an important
component and its design includes numerous parameters and boundaries. In this
thesis we present the design, development, simulation and analysis of a corrugated
feed horn for the 20 m reflector type radio telescope located in Onsala Space Obser-
vatory, Onsala, Sweden. Corrugated horn is chosen as the feed as it produces low
cross-polarization levels and highly symmetric radiation patterns. The corrugated
horn feed is designed for frequencies between 70 GHz and 116 GHz (also called the
E-/W-Band or the 3mm/4mm Band) with the aim of achieving good aperture ef-
ficiency and sensitivity. Requirements were set over the full bandwidth to achieve:
input reflection coefficient better than -10 dB, aperture efficiency greater than 50%,
sensitivity better than 5500 Jy, and edge tapering of -12 dB at 6.09° half-subtended
angle of the sub-reflector. The small half-subtended angle with an edge taper of -12
dB is a challenging design condition.
The design methodology of the horn consists of two steps, first is the design of a
smooth wall horn, and second is the design of the corrugated horn. The smooth wall
horn is developed to narrow down the variable parameters involved in the design of
the corrugated horn. The most promising smooth wall horn candidate is then cor-
rugated and optimized to meet our given specifications. The final successful design
meets all the requirements specified. Over the band, input reflection coefficient is
found to be better than -16 dB, aperture efficiency averages at 65% and average
sensitivity of 2100 Jy when the telescope is unaffected by atmospheric opacity. If
we take into account atmospheric opacity, which is the more realistic scenario, then,
average maximum sensitivity over the band is found to be 3350 Jy with a peak of
5500 Jy at 70 GHz. The edge-taper at 90 GHz in the φ = 0 plane is found to be -
11.356 dB. It is also concluded that an improved mode-converter design can enhance
the feed performance in future work. The thesis proves that though the requirement
to produce the extremely narrow beam at such high frequencies is challenging, it is
not impossible to design a decent corrugated horn feed.

Keywords: antenna, feed, corrugated horn, wideband, e band, w band, radio
astronomy, circular horn, antenna simulation, onsala space observatory.
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1
Introduction

Curiosity has led humankind to great developments. From the discovery of fire to
the invention of computers, we have managed to demystify the world around us. We
have lead earth through different eras, seen mass extinctions as well as evolution.
The constant through all these ages have been our skies, still full of mystery, intrigue
and enigma.
Astronomy is defined as the study of the sun, moon, stars, planets, comets, gas,
galaxies, dust and other non-Earthly bodies and phenomena [1]. It has been prac-
ticed for as long as we have gazed up at the night sky, towards the millions of
twinkling lights wondering what they were and how they came to be. Early civ-
ilizations such as the Mayans (Central and South America), Harappans (Indian
Sub-continent) and Greeks used the movement of the sun and stars to keep track of
time [2]. Ancient Mariners used the position of stars to navigate their way through
seas and oceans. Even today, in this modern world, Global Positioning System
satellites use distant astronomical objects such as quasars and distant galaxies to
determine accurate positions [3].
How is it though that we are able to observe objects in deep space? Ingenious
engineering and technological advancements play a big role in the development of any
science. The same goes for astronomy. Observations made with the naked eye led
Copernicus to put forward his theory of a heliocentric solar system as opposed to the
geocentric model first proposed by Ptolemy. More than fifty years after Copernicus’s
death, Galileo Galilei observed the skies with his invention of a long thin hollow
cylindrical tube with lenses placed at either end. This was the first prototype of
the modern day refractor telescope [4], [5]. From there, we have developed modern
techniques such as spectroscopy and interferometry along with various telescopic
observations of the electromagnetic spectrum, have helped us observe, infer and
analyze big and small structures spread across our vast universe.
Depending on which section of the electromagnetic spectrum is being studied, as-
tronomy can be broadly classified into radio astronomy, optical astronomy, infrared
astronomy and high-energy astronomy which includes X-ray astronomy, gamma ray
astronomy and UV astronomy. In this report we present the design, optimization
and system analysis of a corrugated feed horn for a Cassegrain reflector telescope
for astronomical observations at E- and W-band.
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1. Introduction

Figure 1.1: The complete electromagnetic spectrum with specification of the area
roughly considered as radio waves (Source: NASA [6]).

1.1 Radio Astronomy
Radio astronomy is a branch of astronomy that studies celestial objects that emit
radio waves. Radio waves are part of the full electromagnetic spectrum spread across
the frequencies from 3 kilohertz up to 300 gigahertz. That is a variation from the
size of a tall building to the size of a pinhead in terms of wavelengths. Figure 1.1
shows the complete electromagnetic spectrum ranging from very low frequency up
to the cosmic waves region.

Radio Astronomy was born when Karl Jansky in the early 1930’s discovered a
constant invisible type of noise coming from the skies while doing research work
on short radio waves for Bell Laboratories. He built an antenna for 20.5 MHz
(14.5 m wavelength) commissioned by Bell Laboratories for his work at the time.
He observed that the static signal repeated every 23 hours and 56 minutes and
seemed to be coming from a point away from the sun. He found that this static
noise was actually coming from the centre of the Milky Way galaxy, specifically
from the constellation of Sagittarius. This was the first ever use of radio waves in
astronomy. He published his work and got a good deal of attention. From there, the
work was picked up by Grote Reber who built the first reflector-type radio telescope
in his backyard. It was a 9 m parabolic reflector. Grote set the stage for the boom in
radio astronomy after the end of World War II [7], [8]. Since then, radio astronomy
and its applications have advanced exponentially from the discovery of the cosmic
microwave background radiation (CMBR), hundreds of radio galaxies, the discovery
of pulsars and binary pulsars to observation of the spiral structure of our galaxy
from HI 21 cm emission. Radio astronomy has helped us learn so much about
the universe we can’t see with visible light. Today, ultra-sensitive high-frequency
millimetre-wave (mm-wave) radio telescopes as well as very low frequency radio
telescopes are decoding the mysteries of the beginning of our universe. Figure 1.2
shows an excellent example of an astronomical structure imaged at three different
frequencies.
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1. Introduction

Figure 1.2: This image shows Centaurus A, a radio active galaxy. The main image
shows a composite made of three different images taken at different wavelengths. The
top-right image is taken from the Chandra X-ray observatory and shows high-energy
emissions from a super-massive black hole hidden in the bands of dust in the center.
The radio image shows humongous jets pushed into space, these are radio lobes and
the optical image shows thick dust clouds obstructing light coming from the millions
of stars in the galaxy (Source: NASA [9]).

1.1.1 E-W Band in Radio Astronomy

Frequencies in the range between 60 GHz to 116 GHz (E- and W-band) are very
important in radio astronomy. This frequency range is often called the 3mm/4mm
band due to it’s approximate wavelengths of observation. Radio emissions from the
Sun and the moon are studied at 4 mm. The band also spans several important
spectral lines that are used to determine the composition of celestial objects. For
example, the SiO (Silicon monoxide) maser emission line at 86.2 GHz is used to
measure and calibrate telescope performance. CO at 115.271 GHz and 13CO at
110.201 GHz have strong and easily detectable line intensities. These molecules
are important as they have a long lifetime as well as consist of two elements found
in abundance in the universe - carbon and oxygen. They act as a marker to show
regions in outer systems where HI is getting converted to molecular hydrogen. Apart
from these molecules, there are many other elements that can be detected in this
band, the full list is available at [10].

3



1. Introduction

Figure 1.3: Early radio telescopes:(a) shows the 20 MHz antenna that Karl Jansky
used to make his discovery about radio emissions coming from the Milky Way galaxy
(Source: NRAO [7]); (b) shows the first radio telescope, a 9 m parabolic reflector,
built by Reber Grote (Source: Astronomy Today [8]).

1.2 Onsala Space Observatory

Onsala Space Observatory (OSO) [11] is the Swedish National facility for Radio
Astronomy. Located roughly 45 km south of the city of Göteborg in Sweden, it
operates several telescopes for astronomy and geodesy. The observatory was founded
by Prof. Olof Rydbeck in 1949 and is hosted and run on behalf of the Swedish
Research Council by the Department of Space, Earth and Environment at Chalmers
University of Technology.

The infrastructure within the observatory consists of many different instruments
for observational sciences. The 20 and 25 m telescopes are mostly used for astro-
nomical purposes. They study the birth and death of stars and look at molecules
from the Milky Way and other galaxies. LOFAR or the Low Frequency Array is
part of an international network of antennas that study the origins of our universe
as well as pulsars. The Onsala Twin Telescopes (OTT) are the latest addition to the
observatory. These 13.2 m twin radio telescopes are dedicated to the next generation
of geodetic very long baseline interferometry (VLBI) observations. They are part
of the VLBI global observing system (VGOS) with the goal of improving the global
positioning systems’ precision to millimeter level. SALSA (Such a Lovely Small
Antenna) are 2.3 m radio telescopes which are used to introduce radio astronomy
to students and teachers alike. The observatory also has gravimeters, tide gauges
and radiometers which are used to study movements in the Earth’s crust, sea level,
and the rotation of the earth. It also houses two hydrogen maser clocks as well as a
cesium clock that establishes the official Swedish time and international time. The
25 m radio telescope was the first of its kind in Europe and is part of a worldwide
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1. Introduction

network of antennas used for VLBI observations. Onsala Space Observatory has de-
veloped instruments and is part of the observation crew for the Atacama Pathfinder
Experiment (APEX) and Atacama Large Millimeter/sub-millimeter Array (ALMA)
located on the Atacama desert plateau in Chile. Onsala has also contributed to the
technical development of instruments for the Square Kilometre Array (SKA), which
will be the largest and most sensitive telescope in the world for meter and centimeter
wavelengths. Figure 1.4 show some of the above mentioned radio telescopes.

1.3 Scope of the Thesis
This project was a collaboration between the antenna systems group at E2 and
Onsala at SEE. This thesis presents the design, development and simulation of an
E-W band corrugated feed horn for the 20 m reflector telescope at Onsala. This
thesis is a step towards the development of a multi-pixel feed or ’radio-camera’ for
the 20 m dish. Due to time constraints, the work was limited to the design of a
single feed element and the evaluation of its performance. To design a radio-camera
further work is needed, but this will not be discussed in this thesis.

The report starts with Chapter 1 giving a brief introduction about astronomy
and radio astronomy in particular, and the Onsala Space Observatory. Chapter 2
describes the basic theory behind antenna design and Chapter 3 describes the specifi-
cations and requirements of this project. The design methodology and optimization
process has been described in Chapter 4 and the results have been reported and
discussed in Chapter 5. The thesis is concluded in Chapter 6 and ends in Chapter
7 with possible future work. Only theory directly relevant for this project has been
introduced to limit the size of the thesis.

1.3.1 Software
CST Microwave Studios [12] and Mathworks Inc. MATLAB [13] were the main
softwares used for this project. CST Microwave Studio was used for electromagnetic
design and simulation of the feed horn whereas MATLAB served as a computational
tool that helped in the design and optimization of corrugations in the feed horn as
well as system performance calculations.

5



1. Introduction

Figure 1.4: Onsala Space Observatory Telescopes:(a) & (b) show the 20 m dish
from outside and inside of the radome; (c) 25 m dish; (d) LOFAR cluster; (e) ALMA
in the Atacama Desert, Chile (Source: OSO [11]).
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2
Theoretical Background

In this chapter we discuss theoretical concepts that form the background of this
thesis. We talk about some basic antenna theory, reflector systems, corrugation
theory and how all of these play a role in radio astronomy.

Several standard references have been used for antenna theory and design in
this thesis [14], [15], [16]. Most of the information provided in this chapter about
antenna theory is majorly obtained from these three textbooks. A special reference
goes to the master thesis written by Jonas Flygare [17], the report was used as a
reference to understand technical concepts in very simple language. We also look
at the theory behind corrugations and why corrugated horns are commonly used as
feeds for parabolic reflectors. Lastly, we discuss some concepts of astronomy that
explain what radio telescopes actually see during observations.

2.1 Basics of Antenna Theory
Antenna theory is a very broad subject matter. For convenience we mention the
general properties which are applicable to most antennas and relevant to this project.
The equations shown in the matter are not necessarily used in calculations in this
project but are shown here for understanding the theory behind basic concepts.

2.1.1 Far-field Approximation
An antenna is defined as a device used for radiating or receiving electromagnetic
radiation. Depending on the distance at which the radiation of the antenna is
measured, different radiation fields exist, namely, reactive near-field region, radiative
near-field region and far-field region. In this project, we only use the far-field region
as distances at which sources are observed in radio astronomy are extremely large.
The far-field region is defined as,

r ≥ 2D2

λ
(2.1)

where,
r = distance from the antenna at which radiation field is being measured;
D = largest linear dimension of the antenna;
λ = corresponding wavelength;
A radiating source like the antenna or in our case, a distant star would produce
spherical waves spreading in all directions. In the far-field region, however, these

7



2. Theoretical Background

spherical waves can be approximated to be planar. This is a good approximation
that simplifies calculations.

2.1.2 Reciprocity
The reciprocity theorem of antennas, states that the properties of a transmitting
antenna and those of a receiving antenna are identical. If we know how the antenna is
going to perform in one state, we can infer its performance in the other. This is only
valid for a linear-type antenna in a linear medium, which fortunately is the case of
the antenna design and application of this thesis. In general, antennas are discussed
in terms of "transmitting mode" due to the applicability of the nomenclature, even
if the application is for a receiving antenna which is the case in radio astronomy.

2.1.3 Bandwidth
The bandwidth of an antenna is defined as the difference between its highest and
lowest operating frequency.

B = fmax − fmin (2.2)

where, fmax =maximum operating frequency and fmin = lowest operating frequency.
For wideband antennas, like in our case, bandwidth is defined as a ratio,

B = fmax
fmin

(2.3)

The bandwidth is then expressed as B:1 bandwidth.

2.1.4 Polarization and Antenna Coordinate System
Polarization of an antenna is defined as the polarization of the wave radiated by the
antenna. Antenna polarization can be expressed in two components: co-polarization
and cross-polarization. Co-polarization is the desired polarization component and
cross-polarization is the undesired component of far-field radiation. Tha antenna
often has specifications that require minimization of the antenna cross-polarization.
Polarization can be linear, circular or elliptical. In this thesis the antenna application
desires dual-linear polarization.
Antenna measurements often use the spherical coordinate system as a reference
for measurements. Ludwig’s 3rd definition can be used in this system to describe
polarization in terms of base vectors x̂ and ŷ

x̂ = cosϕ θ̂ − sinϕ ϕ̂
ŷ = sinϕ θ̂ + cosϕ ϕ̂

(2.4)
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2. Theoretical Background

2.1.5 Radiation Pattern
The radiation pattern of an antenna is defined by its E-Field and can be represented
in an equation as,

E(r, θ, φ) = e−jkr

r
G(θ, φ) (2.5)

where, r is the distance from the antenna, e−jkr is the phase component of the
antenna and G(θ, φ) is the far-field function that gives the direction and phase of
the field. When an antenna is used as a feed in a parabolic reflector, (2.5) can be
written as

Efeed(p, θ, φ) = e−jkp

r
Gfeed(θ, φ) (2.6)

where, p is the distance from the feed to the reflector surface [18].

2.1.6 Antenna Gain and Directivity
Antenna Gain, G, also called realized gain or power gain or simply gain is defined as
the ratio of intensity radiating in a given direction to the intensity of an isotropically
radiating antenna [15]. It can be written as,

G = 4π radiation intensity
total accepted power

= 4πU(θ, φ)
Pin

. (2.7)

The directivity, D, of an antenna is defined as the ratio of intensity radiating in
a given direction to the radiation intensity averaged over all directions [15].

D = 4π radiation intensity

average radiated power
= 4πU(θ, φ)

Prad
. (2.8)

Though the definitions for both gain and directivity seem very similar, they are not
the same entity. According to IEEE standards, gain accounts for conduction and di-
electric losses in the antenna. According to the definition given in [15], gain includes
the dielectric and conduction losses as well as losses due to mismatch between the
transmission line and the antenna, dielectric. In this thesis, all the results presented
are measured in gain defined according to the IEEE standard. The directivity of the
antenna is calculated from the radiation pattern of the antenna and does not take
into account the various losses of the antenna. The quantities are related through
the following equation,

G = ηradηpolD (2.9)

where, ηrad is the total radiation efficiency of the antenna and ηpol is the polarization
efficiency of the antenna. These efficiencies along with others, have been elaborated
on in the next Section 2.1.7.
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2.1.7 Effective Area, Antenna Efficiency and Aperture Illu-
mination Efficiency

The effective aperture area, Aeff , of an antenna is defined as the ratio between the
total power, Pr, received at the antenna port and power density, Wt, of the plane
wave coming in from the direction towards which the antenna has been pointed [14].

Aeff = Pr
Wt

(2.10)

Effective area can also be equated in relation to the gain, G, of the antenna as,

Aeff = λ2

4πG (2.11)

A number of efficiencies are associated to the design of the antenna. These take into
account losses in the antenna that occur due to mismatch between the transmission
line and the antenna (ηmis = 1 - |Γ|2), where Γ is the reflection coefficient), and
radiation losses such as conduction loss (ηc) and dielectric losses (ηd). Efficiencies ηc
and ηd make-up the antenna radiation efficiency, ηabs, which along with ηmis make
up the total radiation efficiency, ηrad, to give,

ηrad = ηmisηcηd = ηmisηabs. (2.12)
Aperture illumination efficiency, ηa, is defined as the ratio between the directiv-
ity, D, of a planar aperture to the standard directivity, Dref , which is calculated
when the same planar aperture is excited with a uniform amplitude and equi-phased
distribution,

ηa = D

Dstd

. (2.13)

When the planar aperture’s geometrical area, Ageom » λ2, then,

Dstd = 4π
λ2Ageom, (2.14)

which, with (2.13), gives us,

ηa = λ2

4π
D

Ageom
. (2.15)

Polarization loss due to mismatch in the polarization of the of the antenna and the
polarization of the incoming radiation is accounted for as polarization efficiency, ηpol.
This efficiency is not always included in the calculation of total antenna efficiency.
The total antenna efficiency is then given as,

ηant = ηradηaηpol. (2.16)
Rearranging (2.9), (2.11) and (2.15), we observe a relation between the total antenna
efficiency and effective and geometric areas of the antenna as,

ηant = Aeff
Ageom

. (2.17)
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2. Theoretical Background

2.2 Brightness Temperature
If our eyes could see the sky at radio wavelengths, the following image represents
what the sky would look like,

Figure 2.1: The sky at radio wavelengths if they were visible to our naked eyes
(Source: NRAO/ NSF [19]).

Brightness temperature, Tb, of a source is defined as the equivalent temperature that
a black body would have to achieve at a given frequency, in order to be as bright as
it appears in intensity. Planck’s Law of black-body radiation is given as,

I(f, T ) = 2hf 3

c2
1

e
hf

kBT − 1

Jy
sr
.1026

 (2.18)

where, I(f, T ) is the spectral radiance of the body at frequency f and thermal
equilibrium temperature T , h is Planck’s constant, c is the speed of light and kB
is the Boltzmann’s constant. A perfect black body is an object that absorbs all
incident electromagnetic radiation and is opaque or optically thick (the opposite
being transparent or optically thin), and non-reflective. In the case where the black
body is not perfect and is optically thin, its emission will appear weaker due to
lowered intensity. The optical thickness of a source depends on the frequency. In
radio astronomy, most sources are optically thick at low frequencies whereas at high
frequencies, they are optically thin. Brightness temperature is then estimated by ap-
plying the Rayleigh-Jeans limit at low frequencies or high temperatures, fh « kBT ,
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2. Theoretical Background

to Planck’s law. This gives us,

I(f, Tb) ≈
2kBf 2Tb

c2

Jy
sr
.1026

 (2.19)

Tb(I, f) = Ic2

2kBf 2 = lλ2

2kB
(K) (2.20)

This brightness temperature is what radio telescopes ’see’ through their apertures.
Each observation is done continuously for a set period of time in order to collect
enough light intensity for decipherable data [20]. The brightness temperature is not
an actual physical temperature though, it can be related to the physical temperature
as

Tb(I, f) = Tphyε (2.21)

where, Tphy is the physical temperature, and ε is the emissivity of the source being
observed.

2.3 System Noise Temperature
Radio telescopes measure faint signals coming from sources which are millions of
kilometres away. It is essential for the detection of this faint signal that all other
forms of noise be kept to a minimum. We refer to this noise power in terms of
equivalent noise temperature, T, and can be measured as,

Pn = kBT∆f (2.22)

where, kB is Boltzmann’s constant and ∆f is the bandwidth of the system. There
are a lot of noise contributors for an antenna system, like noise from microwave and
galactic backgrounds, noise from atmospheric emissions, noise due to scattering or
spillover of radiation to the ground, noise due to losses in the feed and due to the
receiver itself. These can be grouped together as noise from the antenna and noise
from the receiver. The system noise temperature, Tsys is the estimated as

Tsys = Tant + Trec (2.23)

For a telescope pointing in a specific direction in the sky, the noise in terms of
temperature distribution can be defined as,

T (θ, φ, f) =

Tb(θ, φ, f) 0° ≤ |θ| < 90°
Tg(θ, φ, f) 90° ≤ |θ| < 180°

(2.24)

where, θ is the elevation angle, φ is the azimuth angle and f is the frequency. Tb is
the surrounding brightness temperature. Tg is considered the ground temperature
and is calculated as

Tg(θ, φ, f) = (1− |Γg|2)Tphy + |Γg|2Ts(θ, φ, f) (2.25)
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where, Γg is the reflection coefficient of the ground and Tphy is the physical tempera-
ture of the ground. For the purpose of this thesis, we approximate Tg=Tphy=290 K.
The surrounding brightness temperature has contributions from molecules in the
atmosphere as well as microwave and galactic emissions. Generally, noise from
the ground is the largest contributor of spill-over, however this is very frequency
dependent. At low frequencies, the ground temperature is generally higher and con-
sideration is spill-over is very important. At higher frequencies, like at 70 GHz,
the noise temperature from the sky is higher and hence, contributions from ground
spill-over becomes less important. Hence, we define, antenna noise temperature, TA,
at θ = θp, where θp is the zenith angle, can then be calculated as,

TA =
∫∫

4π G(θp, φ, f)T (θp, φ, f)sinθpdθpdφ∫∫
4π G(θp, φ, f)sinθpdθpdφ

(2.26)

which can then be approximated as,

TA = Tsηsp + Tg(1− ηsp) (2.27)

where, ηsp is the spill-over efficiency. This value of TA is generally obtained by doing
a full-sphere integral simulation, however in this thesis we approximate this value of
antenna noise temperature. Taking all the equations and losses mentioned in this
section into account, the total system noise temperature can be written as,

Tsys = ηradTA + (1− ηrad)Tphy + TREC (2.28)

2.4 Sensitivity and SEFD
Sensitivity of a radio telescope is it’s ability to detect radio emissions coming from
weak sources. It depends on the effective area and total system noise temperature of
a telescope as well as the time duration of observation. It also depends on receiver
bandwidth for broadband continuum observations [21].
In this thesis, we use System Equivalent Flux Density (SEFD) as a measure of the
sensitivity of the system. It can be mathematically represented as,

SEFD = Tsys
Aeff/2kB

= 2kBTsys
Aeff

(Jy) (2.29)

where, Tsys is the total system noise temperature, Aeff is the effective area of the
aperture and kB is Boltzmann’s constant. SEFD is measured in the units of Jan-
sky, which is also the unit used to measure the spectral flux density of a distant
source. For an unresolved source with a known spectral flux density, Sν , this greatly
simplifies the calculation of integration time for a given signal-to-noise ratio (SNR).

S

N
= Sν
SEFD

√
τ∆ν (2.30)

The lower the SEFD value is, better the sensitivity of the system [22].
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2.5 Reflector Antennas
One of the most common type of antenna used for radio astronomical observations
is the reflector antenna. There are many different kinds of reflector antennas with
the most popular one being the parabolic reflector antenna. Reflector antennas
generally consist of a primary reflector and one or more sub-reflectors. The main
concept of these reflectors is to collect the maximum amount of incident radiation
and concentrate it towards the feed antenna which may or may not be located on
the focal axis of the primary reflector. The feed antenna can be a single element or it
can be an array of antennas called the feed array, depending on the application the
reflector antenna is used for. Reflector antennas are classified into different types
based on the configuration of its main reflector, sub-reflector and feed system. In
this thesis, we only focus on the Cassegrain type configuration which is the style of
the 20 m dish in Onsala.

Figure 2.2: Illustration of the geometry of a Cassegrain-type reflector antenna
showing main parameters that describe the geometry.

2.5.1 Cassegrain Antenna
The Cassegrain configuration reflector antenna consists of a paraboloidal primary
reflector and a hyperboloidal or concave curved sub-reflector. Figure 2.2 is an illus-
tration of the basic geometry of the Cassegrain antenna. D, is the linear diameter
of the primary reflector, d is the linear diameter of the secondary reflector, ψe is
the half-subtended angle of the primary and θe is the half-subtended angle of the
sub-reflector. Half subtended angle of the sub-reflector, θe, is the most important
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parameter in this thesis as a constraint for the feed design. Due to the sub-reflector-
feed system being directly over the primary reflector and in the way of incoming ra-
diation, Cassegrain antennas have some blockage loss that deteriorates the blockage
efficiency (ηblock) of the reflector. The blocked radiation is scattered and contributes
to the spill-over loss (ηsp). This blockage also hinders the illumination of the reflec-
tor and negatively affects the taper illumination efficiency (ηill) of the antenna. For
good electrical performance, all these losses must be kept to a minimum, one way is
to design the feed pattern to comply with the edge-taper of the reflectors.

2.5.2 Parabolic Dish Efficiencies
The aperture efficiency calculation of a complete reflector-feed antenna system should
include the various efficiencies and sub-efficiencies related to the feed and the dish
alike. Some of the efficiencies which depend on the feed are discussed in Section
2.1.7. The feed aperture efficiency is defined as,

ηa = ηspηillηpolηphηBOR1 . (2.31)

The first efficiency is the spill-over efficiency, ηsp, which gives a measure of the
amount of radiated power hitting the surface of the reflector from the total amount
of radiated power. ηpol is the polarization side-lobe efficiency which gives the amount
of power lost in cross-polar sidelobes within the half-subtended angle of the sub-
reflector. Aperture illumination efficiency, ηill, gives a measure of how well the
power is illuminated over the dish relative to uniform illumination distribution.
Phase efficiency, ηph shows the mismatch between the focus of the dish and the
phase centre of the feed. ηBOR1 is the Body-of-Revolution-1 (BOR1) sub-efficiency.
To obtain maximum secondary gain, only first order azimuthal terms are used in
the feed radiation pattern definition (2.6), as higher order azimuthal terms do not
contribute to the on-axis gain of the antenna and are hence, presented as a loss.
The ratio of power in the first-order azimuthal modes to total radiated power is
quantified in the BOR1 efficiency, also called the azimuth mode efficiency [23], [24].
The mutual dependence of the illumination efficiency, ηill and the spillover efficiency,
ηsp, give rise to an interesting observation. If the reflector is illuminated with a high
edge-taper, ηill becomes close to 100%. However, this greatly increases the power
lost to spill-over noise. Hence, a trade-off is required between these two quantities
in order to achieve a satisfactory value of aperture efficiency. Figure 3.5 shows an
example of the trade-off between both these efficiencies. This example is taken from
[14], which is an excellent source to learn about antenna design and engineering.
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Figure 2.3: An example from [14] that illustrates the trade-off between illumination
and spillover efficiency as a product in aperture efficiency calculations.

The sub-efficiencies of the dish can be listed as follows,

ηdish = ηblockηjittηtransηsurfηdisdish (2.32)

where,
ηblock = blockage efficiency,
ηjitt = pointing efficiency due to jitter,
ηtrans = dish transparency efficiency,
ηsurf = dish surface efficiency,
ηdisdish = dish dissipation efficiency.

The dish blockage efficiency, ηblock, gives a measure of how much of the aperture
of the dish is blocked due to the sub-reflector and feed structures. Atmospheric
aberrations on a day-to-day basis interfere with the pointing direction of the dish,
this contributes towards the pointing efficiency of the dish. The continuity of the
dish surface (how smooth or rough the surface of the dish is) affects the dish surface
efficiency, ηsurf and the transparency of the aperture is measured by the dish trans-
parency efficiency, ηtrans. The reflector dish’s dissipative losses are quantified using
the dish dissipation efficiency, ηdisdish. The antenna efficiency of the total telescope
system can be now written as a combination of (2.31) and (2.32),

ηant = ηblockηjittηtransηsurfηdisdishηspηillηpolηphηdisηBOR1. (2.33)

Practically, it is complicated to compute all these efficiencies for the scope of this
thesis. Therefore, we calculate the aperture efficiency of the entire system using
physical optics (PO) and equations (2.15) and (2.17) from Section 2.1.7.
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2.6 Horn Antennas
Horn antennas are most commonly used as feeds in radio-astronomical instruments.
The purely metal structure makes them straightforward and not so expensive to
manufacture, as well as having low losses. Horn antennas have low side-lobe levels
and can perform over a wide bandwidth. Various types of horns exist like conical
horns, rectangular horns, sectoral horns and corrugated horns. In the following
sections we cover basic corrugation theory and motivate our choice to design a
corrugated horn for this thesis.

2.6.1 Corrugated Horn Antennas and Theory
Corrugated horn antennas are the most commonly used as feeds in parabolic reflec-
tors. They were first developed by A.F. Kay in the 1960’s and have been improved
into high-performing antennas. They have very low cross-polarization levels relative
to other horn types and highly symmetrical beam patterns. These characteristics
are desired for dual-polarization operation. We will here explain in an intuitive way
why corrugations improve the feed performance [25].
The introduction of corrugation in a horn antenna changes its field pattern. To
attain axial beam-symmetry and low cross-polarization, the aperture electric field
of the horn should be almost linear. ’Almost linear’ is used due to the fact that
to cancel all components of cross-polarisation, a slight curvature is needed in the
walls of the horn. This required linear electric field cannot be produced by horn
which only support the standard transverse-electric (TE) or transverse-magnetic
modes (TM), which have curved aperture fields. However, a combination of TE and
TM modes, also known as hybrid mode, is observed to produce the required linear
aperture field. The electric fields produced in a hybrid-mode waveguide is given by,

Ex = A1J0(Kr)− (X − Y )
kr1

A2J2(Kr)cos2φ

Ey = (X − Y )
kr1

A2J2(Kr)sin2φ
(2.34)

where, J0(kr) and J2(kr) are Bessel functions of the first kind, K and k are the
transverse and free-space wavenumbers, amplitude coefficients are given by A1 and
A2. X and Y are the impedance and admittance at the boundary of the horn
wall defined by r=r1. For the hybrid mode to propagate within the horn, these
impedance and admittance values must be finite and equal or must be zero. The
corrugations in the wall of the horn produces these required conditions and the horn
is said to be in a ’balanced hybrid mode’ which produces the desired characteristics
of pattern symmetry and low cross polarization levels. More about the design of the
corrugated horn is discussed in Chapter 4.
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3
Specifications and Requirements

Every scientific project is defined by some boundaries or constraints. In this chap-
ter, we mention the design goals that need to be met for this thesis project. The
evaluation and theory of these goals for this thesis work are evaluated in Chapter 4
and Chapter 2 respectively.

3.1 20 m Dish
The intended reflector dish for the feed design presented in this thesis is the Onsala
20 m telescope. The largest linear diameter, D, of the dish stands at 20.1 m. It
has a Schmidt-Cassegrain type sub-reflector mount and is protected by a radome.
The half-subtended angle of the sub-reflector is 6.09°. Henceforth, we refer to this
reflector dish as the 20 m dish. For more specifications, see [26].

3.2 Bandwidth
The frequency band used for this project is 70–116 GHz also referred to as the
3mm/4mm band. According to section 2.1.3, the specified bandwidth of the feed is,

B = 116
70 = 1.66 : 1 (3.1)

3.3 S-parameters
For radio astronomy receiver integration of a wideband feed, the feed reflection
coefficient should be less than -10 dB as a minimum. Therefore, the optimization
requirement on the reflection coefficient was strictly set to | S11 | < -10 dB.

3.4 Radiation Efficiency
Radiation efficiency of an antenna tells us how effective an antenna is at converting
the accepted power to radiated power (or receiver power to output power at the
port). For this type of pure-metal feed structure, the radiation efficiency is expected
to be very close to 100% [15].
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3.5 Aperture Efficiency
Most radio telescopes have aperture efficiency ηA ≤ 70% according to section 3.3.2
of [27]. Aperture efficiency is one of the figures-of-merit of this thesis. The goal for
this design is to achieve a minimum of ηA ≥ 50% across the frequency band.

3.6 Beam width and Edge Taper
The Onsala 20 m radio telescope has a very narrow half-subtended opening angle of
the sub-reflector of θe = 6.09°. In order to achieve a high value of aperture efficiency
while also maintaining a low spill-over noise contribution, the desired edge taper at
θe is chosen to be −12 dB. This means that the antenna should have a gain drop of
-12 dB at 6.09° in order to satisfy the aperture efficiency requirement.

3.7 Sensitivity and System Equivalent Flux Den-
sity (SEFD)

Sensitivity of a radio telescope is often used as it’s figure-of-merit. In this thesis,
we use SEFD as one of our figures-of-merit and as a measure of sensitivity of the
system. It gives us a direct comparison in terms of the strength of the source we
observe. We aim to have a low SEFD number so as to achieve high sensitivity.
According to pp. 36 of [28] the current EW band receiver has a SEFD number
approximately between 5000 and 6000 Jy. Our aim is to achieve a SEFD number
lower than 5500 Jy.
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4
Design Methodology and

Parameters

In this chapter, we talk about the design methodology used to reach the final design
of the corrugated feed horn. The design was done in two different stages: smooth
wall horn design and corrugated horn design.
Each stage had its own optimization runs. For the smooth wall horn stage the
optimization software used was CST Microwave Studio and for the corrugated horn
stage, the optimization was performed with MATLAB. The design procedure of the
corrugated feed was mostly based on the standard reference paper titled: "Design
of Corrugated Horns: A Primer" by Christophe Granet and Graeme L. James [29].
Other papers were also used and will be cited appropriately throughout this chapter.

4.1 Smooth Wall Horn
A conical horn was used as a base design for this project. The horn would be con-
nected to a circular waveguide which would ’feed’ the receiver with all the radiation
collected from the main parabolic reflector and sub-reflector. For the base design
of the key parameters of the horn, we follow the considerations mentioned in the
Granet paper [29]. The main parameters of the smooth wall horn consist of the
lowest and highest input frequency, the center frequency, output frequency, input
radius, output radius, length of the horn and profile of the horn.

4.1.1 Design Frequencies
Four different frequency parameters are used in the horn design, these are:

• fmin: the lowest operating frequency
• fmax: the highest operating frequency
• fc : the center frequency,we observe most of our results at this frequency

(Wavelength λc)
• fout : the output frequency (wavelength λ0)

In some literature, f0 denotes the center frequency, however in [29], it is denoted with
fc. For clarity, we also use fc when denoting the center frequency. For narrowband
applications, the ratio between fmin and fmax must be

fmax ≤ 1.4fmin. (4.1)
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The center frequency and output frequency are chosen as following

fc =
√
fminfmax, (4.2)

fc ≤ fout ≤ 1.05fc. (4.3)

Although, our horn antenna has wideband applications. For such applications, the
design specifications follow

1.4fmin ≤ fmax ≤ 2.4fmin, (4.4)

fc ≈ 1.2fmin, (4.5)

1.05fc ≤ fout ≤ 1.15fc. (4.6)

However, after doing initial calculations, we found that the center frequency found
following (4.5) lies in the upper end of the spectrum. Since we wanted a center
frequency more towards the center of the spectrum, we follow ( 4.2) to give us a
center frequency of 90 GHz.

4.1.2 Input and Output Radii
The input radius, ai, is one of the main parameters of a horn as it decides the
minimum size of the wave that can enter or exit through the antenna design. The
fundamental mode of propagation in a circular waveguide is the TE11 mode. It’s
cut-off wave number is formulated as,

k = 2π
λ

= 1.841
ai

. (4.7)

This means, for the propagation of a wavelength corresponding to the minimum
frequency of our design, the input radius must satisfy the following inequality where,
c is the speed of light,

2πfmin
c

ai ≥ 1.841. (4.8)

This equation gives us a minimum value of ai. Generally, ai is chosen to be,

ai = 3λc
2π . (4.9)

The Granet-paper [29], states that this choice of input radius ensures a return loss
better than 15 dB at fmin.
The output radius, a0, of a horn depends on the taper which is typically between
-12 dB and -18 dB, and the beam width at which this taper is to be achieved.
According to the Granet paper [29], the output radius should be chosen as depicted
by Figure 4.1. However, as the 20 m dish has a very narrow half-subtended angle
of 6.09°, a0 is estimated to be between 4.8λc and 6λc depending on the taper profile
used for the horn. We discuss profiles for the horn antenna in Section 4.1.4.
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Figure 4.1: Estimation of output radius for a given taper and half-subtended angle
according to the paper by Granet and James titled "Design of Corrugated Horns: A
Primer" [29].

4.1.3 Length

The length, L, of a horn is determined by the application it is used for. A good initial
starting point for most horns is 5λc to 10λc. Due to our design being constrained
by the half-subtended angle and taper requirements, we will require a much longer
horn. The final value requires a lot of optimization and a good starting point for
this design was between 30λc and 45λc. The length of a horn effects the stability of
its phase center as well as side-lobe levels.

4.1.4 Design Profiles

The profile of a horn affects radiation pattern shaping, side lobe levels and cross-
polar levels. Profiling or shaping the curvature of the conical horn gives two major
advantages in the design of a horn: control over mode conversion and shortening
the device in length [30]. A lot of different types of profiles are available for smooth
walled as well as corrugated horns. For simplicity, we mention only the profiles that
were used in this project.

1. Exponential Profile

a(z) = aiexp

ln(a0

ai

)
z

L

 (4.10)

2. Hyperbolic Profile

a(z) =
√
a2
i + z2(a2

0 − a2
i )

L2 (4.11)
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3. Sinusoidal Profile

a(z) = ai + (a0 − ai)
(1− A) z

L
+ Asinρ

(
πz

2L

) (4.12)

4. xp Profile

a(z) = ai + (a0 − ai)
(1− A) z

L
+ A

(
z

L

)ρ (4.13)

In sinusoidal as well as xp-profile, the design parameters ρ and A are defined. These
are constants with A having a range between [0,1] and ρ generally having a value
equal to 2, but has been found to give rise to interesting profile variations when
varied between 0.5 ≤ ρ ≤ 5.

4.2 Smooth Wall Horn Design Optimization
In Figure 4.2, a flowchart is presented for the design and optimization process of
the smooth wall horn. This flowchart was repeated for all the four profile options
mentioned in section 4.1.4. Since the main design work was carried out in CST,
it was simple to parameterize the variables involved in the design process. Many
optimization steps were involved to reach designs which satisfied our initial speci-
fications. These are mentioned in sections 3.2, 3.3 and 3.6. In addition to these, a
high radiation efficiency and gain are also important. Outer radius and length of the
horn were the first parameters to undergo optimization. Initially, the optimization
parameters were varied with large steps to investigate the variable search space (this
involved a lot of iterations). When a promising candidate design was found, the step
size was reduced to fine-tune the results towards the goal. For sinusoidal and xp
profiles, additional optimization steps were used for ρ and A values. Changing these
values changed the profile-shape of the horn and the results were interesting to ana-
lyze as they consisted of subtle but considerable changes in side-lobe levels. Again,
initially a large step size was used and later a smaller step size was used to fine
tune the results. Promising candidates were evaluated with the system assembly
modelling (See Section 4.6) feature of CST to analyze the on-dish performance of
the horn element in terms of aperture illumination.
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Figure 4.2: Optimization flowchart for the design of a smooth wall horn antenna.

4.3 Corrugated Horn
The design of corrugations is very important for good performance in a horn (See
Section 2.6.1 to read more about corrugation theory). Corrugations consist of ’slots’
which are empty rectangular spaces between ’teeth’ like in a comb. The main
parameters that need to be taken into consideration are slot pitch, slot width, slot
pitch-to-width ratio, depth of the slots and design of the mode converter at the
beginning of the horn. All the parameters are illustrated below for the understanding
of the reader. As with the design mentioned in Section 4.1, the design procedure for
corrugations mainly follows the paper by C.Granet and G.L.James [29]. Figure 4.3
shows a small section of corrugations with slots and teeth. Here, w is the slot width,
d is the slot depth, p is the pitch or total length of a single corrugated segment.
Each horn can be visualized as a collection of N segments of length p.
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Figure 4.3: A section of the corrugations showing slots

4.3.1 Pitch

The pitch, p, of a slot is generally chosen to be between λc

10 and λc

5 . In paper [29],
it is noted that for broadband applications the pitch should be closer to λc

10 whereas
for narrowband applications, the pitch should be closer to λc

5 .

4.3.2 Slot Pitch-to-Width Ratio

The slot pitch-to-width ratio, δ, determines the width of the slot and the teeth.
Generally, the slot width is larger than teeth width. It’s value is usually between
0.7 ≤ δ ≤ 0.9.

4.3.3 Mode Converter

In the design of the corrugated horn for this project, we use a circular waveguide
to attach the antenna to the feed receiver system. The first propagating mode (or
fundamental mode) in a circular waveguide is the TE11 mode whereas the corrugated
horn requires the propagation of hybrid HE11 mode. Hence, a mode converter
segment is required at the beginning of the horn. The conversion happens over a
number of slots in the converter. This value is denoted as NMC , the number of
corrugations in the mode converter as shown in Figure 4.4. In [29], three types of
mode converters are presented,

1. variable-depth-slot mode converter for fmax ≤ 1.8 ≤ fmin,
2. ring-loaded-slot mode converter for fmax ≤ 2.4 ≤ fmin,
3. variable-pitch-to-width-slot mode converter for fmax ≤ 2.05 ≤ fmin.

Since our design specifications satisfy the condition for the variable-depth mode
converter, we selected this design equation. More about ring-loaded-slot mode con-
verter and variable-pitch-to-width slot mode converter can be read in [31] and [32].
The total number of slots, NMC is between 5 ≤ NMC ≤ 7 for the variable depth
mode converter, and the design equations are mentioned in section 4.3.4.
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Figure 4.4: Basic geometry of a corrugated horn with variable-depth mode con-
verter. The various parameters shown are input radius, ai; output radius, a0; length
of the horn, L; corrugation pitch, p; slot width, w; slot depth of the jth slot, dj;
number of corrugations in the mode converter, NMC ; total number of corrugations
in the horn, N (this includes NMC), and radius of the jth corrugation, aj.

4.3.4 Slot Depth Calculation
At any point along the horn with radius aj and slot-depth dj, the surface reactance
of the corrugated surface is given by

χj = −δ J1(kcaj)Y1[kc(aj + dj)]− Y1(kcaj)J1[kc(aj + dj)]
J

′
1(kcaj)Y1[kc(aj + dj)]− Y ′

1 (kcaj)J1[kc(aj + dj)]
(4.14)

where, kc = 2π
λc

is the wavenumber at center frequency fc, J1 is the Bessel function of
the first kind of order one and J ′

1 is its derivative, similarly, Y1 is the Bessel function
of the second kind of order one and Y ′

1 is its derivative.
For hybrid modes to be balanced in the horn, we require || χj || → ∞. Hence, the
denominator of (4.14) should be infinitesimally small or 0, which results in,

J
′

1(kcaj)Y1[kc(aj + dj)]− Y
′

1 (kcaj)J1[kc(aj + dj)] = 0. (4.15)
Nominally, for this condition to be satisfied, the value of dj is set to λc

4 , according
to [29] however, a correction factor κ obtained from the solution of (5.2) can be
multiplied with the nominal value of dj to give better performance results. The
value of κ was approximated as

κ = exp

 1
2.114(kcaj)1.134

 (4.16)

The equations for the calculation of slot depths for the mode converter and the horn
are as follows:
For slots up to NMC+1,

dj =
σ − j − 1

NMC

σ − 1
4exp

 1
2.114(kcaj)1.134

λc (4.17)
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where, σ is the percentage factor for the first slot depth of the mode converter and
varies as 0.4≤ σ ≤ 0.5.
For the rest of the corrugations, the depth of the jth slot is equated as,

dj = λc
4 exp

 1
2.114(kcaj)1.134

−
 j −NMC − 1
N −NMC − 1

λc
4 exp

 1
2.114(kca0)1.134


− λout

4 exp

 1
2.114(kouta0)1.134

 (4.18)

Note that the output frequency fout and corresponding wavelength λout have been
used in the latter part of this equation for calculation of slot depths.

4.4 Corrugated Horn Design Optimization
Figure 4.5 shows the optimization procedure followed for achieving the design spec-
ifications for the corrugated horn. The design process starts with promising models
from the smooth wall horn optimization, this way we have already filtered out many
(hundreds) incompatible horn designs. The parameters and corrugated profile was
created in MATLAB. The file was then exported to CST and added as a 3-D curve
which was then modelled into the full circular corrugated horn. The simulation pro-
cess was again carried out in CST and results were analyzed. Corrugation design has
a large number of variable parameters that need to be optimized, unfortunately due
to time constraints, only a handful parameters were manipulated to give a desirable
horn design. Optimization was performed on MATLAB by changing parameters to
get favourable results in terms of S-parameters, gain, beam-width as well as aper-
ture efficiency. One could argue that an optimization algorithms like evolutionary
algorithm could be used, but again, due to the aforementioned time constraint, these
techniques would have taken longer to study and implement. Fortunately, since we
had narrowed down the compatible smooth horn candidates down to 3 cases, this
simplified optimization scheme gave us a good horn design for our specifications.
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Figure 4.5: Optimization flowchart for the design of a corrugated horn antenna.
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4.5 System Assembly and Modelling
System Assembly and Modelling (SAM) is a powerful evaluation tool that was added
on to CST Microwave Studio’s 2014 edition. SAM allows users to take a component
and check its performance combined with another component. At the component
level, designs are performed independent of a complete system model. Designers
often ignore the interdependence of individual components at the system level. In
SAM this interdependence can be tested and analyzed. The environment consists
of a lot of different applications including simulation of thermal coupling, far field
analysis of a feed element on a larger dish, electromagnetic analysis of various com-
ponents etc [33], [34].

Figure 4.6: 20 m dish model used for asymptotic analysis in the SAM environment.

The SAM environment also gives the option of using different types of solvers such as
time domain solver, frequency domain solver, asymptotic solver, eigenmode solver,
integral equation solver and multilayer solver. In the analysis of this design, we
use an asymptotic solver [35]. This type of solver uses the Shooting Bouncing Ray
(SBR) method which is an extension of physical optics (PO). This method was
initially developed for radar cross section analysis but can also be used for analysis
of feed performance on the main dish like in the case of this project. In the shooting
bouncing ray method, rays, following the laws of geometrical optics (GO) bounce
around the cavity walls and eventually exit the cavity via the aperture.
In this project, a file containing the 20 m dish model was provided by Jonas Fly-
gare. Wideband far field sources were imported from candidate horn designs and an
asymptotic analysis was used to see how a single feed performs on the 20 m dish.
This analysis shows how much of the dish was illuminated by the horn feed. Using
the resulting telescope far field gains, aperture efficiency as mentioned in section
2.1.7 was calculated through MATLAB.
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Results and Discussion

This chapter displays and discusses the results obtained through this project. We
discuss the initial parameters that were set and change, if any, in those parameters,
followed by results of S-parameters, far field patterns and aperture efficiency for
smooth wall horn and corrugated horn. Results for sensitivity are presented at the
end of the chapter for the corrugated horn design only.

5.1 Smooth Wall Horn
Following the design process mentioned in Chapter 4, initial parameters were calcu-
lated as given in Table 5.1. These were the starting parameters used for all designs.
The initial smooth wall horn design was optimized to find suitable candidates for
corrugated horn design.

Quantity Symbol Value
Minimum Frequency fmin 70 GHz
Maximum Frequency fmax 116 GHz
Center Frequency fc 90 GHz
Output Frequency fout 99 GHz
Center Wavelength λc 3.331 mm
Output Wavelength λout 3.028 mm

Inner Radius ai 1.59 mm
Outer Radius a0 14.16 mm

Length L 83.275 mm

Table 5.1: Initial parameter values for all profile design.

The inner radius according to (4.9) was initially calculated as 1.704 mm. A
better choice was to use an existing standard circular waveguide for simplicity and
cost efficiency in the manufacturing process. Hence, a standard waveguide produced
by Cernex [36] for the E-band with a diameter of 3.18 mm was chosen. This was so
that the wavelength of the smallest frequency could enter the waveguide. Figures
5.1 – 5.4 show the smooth wall horn design as done in CST. In each image, part (a)
shows a cutting plane view where the shape of the profile is seen and part (b) shows
the full horn element. We can see the difference in the shape of each profile. As
mentioned in Section 4.1.4, profiling the element helps to shorten the device length
and gives control over mode conversion. In the design, an extra cylindrical segment
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is added to the beginning of the design in order for the electromagnetic solver of
CST to mesh the structure properly, and excite mode propagation.

Figure 5.1: Smooth wall horn with exponential profile.

Figure 5.2: Smooth wall horn with hyperbolic profile.
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Figure 5.3: Smooth wall horn with sinusoidal profile.

Figure 5.4: Smooth wall horn with xp profile.

Optimization of the smooth horn design for the exponential and hyperbolic pro-
files, was performed for outer radius, a0 and horn length, L. Sinusoidal and xp
profiles also included optimization of design parameters A and ρ (4.12) and (4.13).
Since the design was specifically for a very narrow beam width, parametric optimiza-
tion was done in two steps. First, the parameter sweep was performed with a large
step size (specifically to length and outer radius) to see which range could provide
us with suitable results. Second, the step size was reduced to fine-tune promising
candidate designs to achieve S11 < -10 dB, as presented in Figure 4.2. Often a third
step was involved to further fine tune the design and obtain more specific values.
The optimization was time-consuming due to long iteration time (around 10 minutes
per iteration per profile) for all the four profiles. To limit the size of this report, we
will go through the final results from the smooth wall horn design.
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5.1.1 Exponential Profile
Smooth wall horn design in the exponential profile resulted in a low reflection co-
efficient S11 < -22 dB and a gain ranging between 20 dBi and 28 dBi. However,
the beam width achieved through this design was broad and failed to meet our
specifications. The length was parametrized and varied up to 50λc, however results
from 45λc showed poor performance in the horn, affecting its radiation efficiency
as well as cross-polarization levels. The outer aperture was also varied, but the
length of the horn was the major constraint in this design to achieve the specified
beamwidth. Hence, we do not consider the exponential profile for the design of the
horn any further.

5.1.2 Hyperbolic Profile
Hyperbolic profile provided results similar to the exponential profile. Reflection
coefficient levels were better than S11 < -30 dB for most iterations. Gain of the
design varied between 20 dBi and 28 dBi. However, like in the case of the exponential
horn, the beamwidth requirements were failed to be met by this profile design and
the length of horn, L > 45λc made the horn performance very poor. This profile
was also disqualified and not considered for further evaluation.

5.1.3 xp Profile
The xp profile achieved slightly different results in terms of gain as compared to
all the other profiles. The input reflection-coefficient values were at an average of
-25 dB for most iterations and the gain varied between 18 dBi and 25 dBi. Again,
the horn performance became very poor at lengths exceeding 45λc. On variation of
its profile design parameters A and ρ, some of the iterations achieved the specified
beamwidth and were taken forward to the corrugations design process, but did not
meet the specifications after that stage.

5.1.4 Sinusoidal Profile
Sinusoidal profile provided very good results in terms of reflection coefficient, gain
as well as beamwidth requirement. Due to the specified of the beamwidth being
extremely narrow, we chose designs which gave a gain drop as close to 12 dB as pos-
sible. As in the case of all other profiles, in designs with horn length exceeding 45λc,
the horn produced very poor values of radiation efficiency. Two possible sinusoidal
profiles were selected and taken forward to the corrugated horn design. However,
for simplicity, we will only go through and discuss the results of the design whose
parameters were used for the final corrugated horn.
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Figure 5.5: Smooth wall sinusoidal horn design for the specification in Table 5.2.

5.2 Smooth Horn Results
The dimensions of the smooth horn sinusoidal profile design results discussed in this
section are given in Table 5.2, and the design is presented in Figure 5.5. We observe
that the outer aperture is much larger than the input aperture, this is due to our
specification for having a very narrow beamwidth and edge taper.

Quantity Symbol Value
Center Wavelength λc 3.331 mm

Inner Radius ai 1.59 mm
Outer Radius a0 18.99 mm

Length L 133.24 mm
Profile Design Parameter A 0.4
Profile Design Parameter ρ 2

Table 5.2: Smooth horn sinusoidal profile design parameters.
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5.2.1 Reflection Coefficient
Figure 5.6 shows the input reflection coefficient for the designed smooth horn. As
observed it is well below our requirement of S11 < -10 dB. Throughout the band, it
is below S11 < -25 dB. This means that there is an extremely small reflection loss
of 0.3% at the input of the horn feed.

Figure 5.6: Simulated input reflection coefficient, S11, for the smooth wall horn
design.

5.2.2 Radiation Efficiency
Radiation efficiency of an antenna shows how well the antenna converts the radio
power accepted at the terminals into radiated power. A high value of radiation
efficiency is essential for good electrical performance of an antenna. In our design,
the radiation efficiency varies from a maximum of 99.5% at 75 GHz to a minimum
of 83.2% at 116 GHz. We also observe that as the frequency increases, the radia-
tion efficiency decreases as is the standard trend [37]. The expectation is that the
radiation efficiency will become better when the wall of the horn is corrugated

Figure 5.7: Simulated radiation efficiency for the smooth wall horn design.
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5.2.3 Aperture Efficiency
Figure 5.8 shows the simulated aperture efficiency, ηa, of the smooth wall horn
design, on the Onsala 20 m dish. The aperture efficiency is simulated using the
SAM technique in CST (See Section 4.6). For the smooth wall horn, ηa is close to
50% across the band. Aperture efficiency depends on the phase center placement
of the feed element in the parabolic dish. Ideally, for optimal phase efficiency, the
feed should be placed such that the reflector focal point coincides with the phase
center. Over a wideband, the phase centers of the frequencies should averagely be
around the same distance. For this thesis, the feed phase centre was calculated as
the average of phase centers over the frequency band and the feed was kept at a
constant location for the calculation over the whole band. The location of the feed
must be close to the focus of the dish at 100 GHz which could explain the slight
elevation of ηA around 100 GHz.

Figure 5.8: Aperture efficiency, ηA, in percentage, for the smooth wall horn design.
The aperture efficiency is seen to be at an average of 50%, peaking at 100 GHz to
53.44%.
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5.2.4 Beam Patterns
Farfield beam patterns for the smooth wall horn design have been given in figures
5.10 – 5.12. The beam patterns have been normalized with maximum gain in each
case. The figures compare farfields at three different frequencies (70 GHz, 90 GHz
and 116 GHz) at three different φ-planes (φ = 0°or E-Plane, φ=45°or D-Plane and
φ = 90°or H-Plane). Each image shows the co-polarization as well as the cross-
polarization pattern, in Ludwig’s 3rd definition. In E-plane and H-plane the cross-
polarization pattern cannot be seen in the images as it is below -80 dB. In the
D-plane the cross-polarization level relative to maximum gain, for: 70 GHz, is -17
dB; 90 GHz, is -14.9 dB and 116 GHz, is -12.6 dB. Corrugated horns generally have
a low cross-polarization level, so we expect to see better cross- polarization levels in
the results of the corrugated horn design.

Figure 5.9 shows the gain drop at θ = 6.09°which was required to be approx-
imately -12 dB. This specification was set so that the taper level matches that of
the parabolic reflector to lessen the spillover loss. Since it is very difficult to achieve
this taper value for a beam as narrow as in our project, we settle for a value closest
to -12 dB at 90 GHz in the E-Plane, in this case, the gain drops -11.713 dB at θ =
6.09°.

Figure 5.9: Gain drop at θ=6.09°at 90 GHz in the E-Plane, is seen to be 11.713
dB for the smooth horn design.
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Figure 5.10: Simulated farfield beam patterns at 70 GHz in E-, D- and H-Plane
for the smooth wall horn antenna design.

Figure 5.11: Simulated farfield beam patterns at 90 GHz in E-, D- and H-Plane
for the smooth wall horn antenna design.

Figure 5.12: Simulated farfield beam patterns at 116 GHz in E-, D- and H-Plane
for the smooth wall horn antenna design.
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5.3 Corrugated Horn
Corrugation geometry for the horn was designed in MATLAB according to the equa-
tions given in Chapter 4. To get the stepped geometry in the horn, the corrugations
were set as 2N (N being the total number of corrugations) circular sections of finite
length arranged one after another (the teeth and slots alternating). The resulting
design is shown in Figure 5.13. Design parameters of the final corrugated horn
design are presented in Table 5.3.

Figure 5.13: The stepped corrugation geometry for the final corrugated horn design
as created in MATLAB.

Quantity Symbol Value
Minimum Frequency fmin 70 GHz
Maximum Frequency fmax 116 GHz
Center Frequency fc 90 GHz
Output Frequency fout 99 GHz
Center Wavelength λc 3.331 mm
Output Wavelength λout 3.028 mm

Inner Radius ai 1.59 mm
Outer Radius a0 19.75 mm

Length L 133.64 mm
Slot Pitch p 0.8 mm

Pitch-to-width ratio δ 0.5
Total no. of corrugations N 167

No. of corrugations in mode converter NMC 6

Table 5.3: Final corrugated horn design values.

The approach for designing the corrugations was taken from the paper by Granet
and James [29], however some variations were made to make the design easier for
manufacturing. The paper suggests that the pitch be chosen such that

λc
10 ≤ p ≤ λc

5
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with wide-band horns having a pitch closer to λc

10 . This means that for our chosen
center frequency and horn length, we would require about 400 corrugations which
gives us a slot width of 0.165 mm for our selected slot-to-width ratio. In practical
terms this means a very costly horn design with a very complex manufacturing
procedure. Hence to reduce the cost and complexity of the horn we selected a pitch
which was approximately λc

4 . This leads us to having 167 corrugations that gives us
roughly 3 corrugations per wavelength. This is the minimum number of corrugations
per wavelength required as per [25] . Another parameter that was chosen differently
is the slot pitch-to-width ratio, δ. The Granet-paper [29], suggests that the the
value of δ be,

0.7 ≤ δ ≤ 0.9,

but when tested, these values gave very high cross-polarization levels. Upon further
research, it was found that for high frequency wide-band horns, it is better to have
equal widths for slots and teeth which gives us, δ = 0.5 [25]. This selection of pitch
meets with our specifications of cross polarization levels. The corrugation geometry
mainly affects the cross polarization levels in a horn, as discussed below. Figure
5.14 shows the simulated corrugated horn geometry as designed in CST Microwave
Studio, the picture on the top shows a cutting plane section whereas the picture
on the bottom shows the full horn design as well as designed boundaries. The red
rectangular patch in the bottom picture shows the waveguide port where the horn
is excited.
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Figure 5.14: The corrugated horn as designed in CST Microwave Studio. The
image on the top shows a cutting plane cross-section of the horn whereas the picture
on the bottom shows the full circular design. The red rectangular patch on the
bottom image shows the waveguide port which is used for the excitation of the
horn.

5.3.1 Reflection Coefficient
Figure 5.15 shows the simulated input reflection coefficient over the band for the
corrugated horn design. Over most of the band, the reflection co-efficient is well
below -22 dB, however at the beginning of the spectrum for 70 GHz, the reflection
coefficient is approximately -18 dB. This shows that there is potential mode mis-
match at the throat of the horn, which means the transition from TE11 mode to
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HE11 mode is not smooth and efficient. This suggests that the mode converter might
need a better design in order to have low reflection coefficient like over the rest of
the band. This value of S11 meets our specification of having an input reflection
coefficient better than S11 < -10 dB and hence is accepted as a good range over the
band.

Figure 5.15: Simulated input reflection coefficient for the final corrugated horn
design. The relatively high value at the beginning of the spectrum suggests that
there might be mode mismatch in the mode converter region of the horn.

5.3.2 Radiation Efficiency
The radiation efficiency of the corrugated horn, as shown in Figure 5.16, is over our
required specification of 90% (better than 95%) over the band. The relatively lower
value for the band between 70 and 80 GHz again suggests that there might be some
defect in the transition region but also goes to show that the defect is not a very
large one as it still provides a very efficient horn. Simulating the radiation efficiency
of a low-loss antenna with good accuracy is hard [38]. Our result indicates that the
value is quite high which is expected and hence, good enough for this thesis.

Figure 5.16: Simulated radiation efficiency for the corrugated horn design. The
radiation efficiency over the whole band is better than 95% which meets our required
specifications
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5.3.3 Aperture Efficiency
Simulated aperture efficiency of the horn is shown in figure 5.17. Over the band,
ηA > 60% and averages at about 65% with a peak of 69.67% at 110 GHz. This is a
good value for corrugated horns and is well over our minimum requirement of ηA >
50%. Perhaps, if the mode mismatch is corrected, the efficiency will be higher. Of
course, ηA is also affected as there is spillover loss due to the beamwidth not being
narrow enough (see the next section for results). As in the case of the smooth horn
design, the phase center for the corrugated horn feed was taken as the average value
of phase centers over the band. The feed was kept at a constant location throughout
the SAM analysis.

Figure 5.17: Aperture Efficiency, ηA, in percentage, for the corrugated horn design.
The aperture efficiency is seen to be at an average of 65%, peaking at 110 GHz to
69.67%

44



5. Results and Discussion

5.3.4 Beam Patterns
Figure 5.18 shows the gain drop of the corrugated horn design at 6.09°. The drop in
this case is -11.356 dB which is less than our requirement of -12 dB. This suggests
that the aperture of the corrugated horn needs to be optimized to get the required
-12 dB taper required for the small half-subtended angle of the 20 m dish. A broader
feed beamwidth means that there is more spillover loss which affects the aperture
illumination efficiency and sensitivity of a parabolic reflector.

Figure 5.18: Gain drop at θ=6.09°at 90 GHz in the E-plane, is seen to be 11.356
dB for the corrugated horn design.

Figures 5.22, 5.23 and 5.24 show the simulated beam patterns of the corrugated
horn at farfield. The beam patterns are shown for three different frequencies (70
GHz, 90 GHz and 116 GHz) in three different planes (φ=0 or E-plane, φ=45 or
D-plane and φ=90 or H-plane). Each image shows the co-polar and cross-polar
component of the pattern and we observe that the cross-polarization pattern for
the E-plane and H-plane is extremely low (> -100 dB) and hence cannot be seen
in the images. The cross-polar pattern can be seen in the D-plane as it has the
worst performance in this plane. Corrugated horns have very low cross-polarization
levels relative to the maximum gain of the horn, this is one of the main reasons that
they are used as feeds for parabolic reflectors. In our design, we can calculate the
cross-polarization level relative to the maximum gain for the φ = 45°plane at 70, 90
and 116 GHz. The levels are tabulated in Table 5.4 below. Figure 5.19 shows the
cross-polarization levels relative to maximum gain in the D-plane over the frequency
band.

Frequency [GHz] Cross-Polarization Level [dB]
70 -37.6
90 -35.2
116 -19.5

Table 5.4: Cross-Polarization levels relative to the maximum gain for the corru-
gated horn design, in D-Plane.

The cross-polarization peak values for the 70 GHz and 116 GHz frequencies at
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Figure 5.19: Cross-polarization levels relative to the maximum gain in the D-Plane
for the smooth horn design and corrugated horn design over the frequency band.

θ=90°, whereas for 90 GHz, the cross-polarization peak lies at θ=180°. This could
also be due to the mode mismatch at the input of the horn, due to the mismatch more
power is pushed into the back lobes of the antenna causing the cross-polarization to
peak in the region. Generally, cross-polarization levels below -10 dB are considered
good enough for single mode performance. Comparatively, our results are very good.

Another characteristic of the corrugated horn antenna is beam symmetry. Figure
5.20 shows the overlapped beam patterns from the E-,D- and H-planes at 90 GHz.
The beams match each other perfectly and are symmetric. This characteristic was
observed for all the frequencies over the band, but only results for the 90 GHz are
shown here to limit the size of this report.

Figure 5.20: Beam patterns from the E-, D- and H-planes for the final corrugated
horn design at 90 GHz have been overlapped to show beam symmetry which is a
characteristic property for corrugated horns. The vertical line at θ= 6.09°shows the
edge-taper specified for the thesis.
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Figure 5.21: A magnified portion of Figure 5.20 around θ=6.09°, showing the
beam pattern and taper in the E-,D- and H-Planes.

Figure 5.22: Simulated farfield beam patterns at 70 GHz in E-, D- and H-Plane
for the final corrugated horn antenna.

Figure 5.23: Simulated farfield beam patterns at 90 GHz for the final corrugated
horn design.
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Figure 5.24: Simulated farfield beam patterns at 116 GHz in E-, D- and H-Plane
for the final corrugated horn antenna.

5.4 Sensitivity and SEFD
Since there was a constraint of time on this project, a full sphere beam pattern inte-
gration of surrounding brightness temperatures could not be performed. However,
the sensitivity of the single pixel feed can be approximated in an acceptable way.
Section 2.4 presents how to calculate sensitivity in terms of system equivalent flux
density. From equation 2.28,

Tsys = ηradTA + (1− ηrad)TP + TREC (5.1)
where,
TA = antenna noise temperature
ηrad = antenna radiation efficiency
TP = antenna physical temperature
TREC = receiver noise temperature
From section 5.3.2, we know that ηrad is high, close to 100% and hence is assumed
to be ηrad ≈ 1. Therefore, (5.1) can be approximated as,

Tsys ≈ TA + TREC . (5.2)
For the 3mm/4mm application, the value of TREC can be obtained from [39] which
states that the average receiver noise temperature for the 4 mm band (E-band) is
40 K and for the 3mm band (W-band) is 55 K. We take an average value between
these two and use this value as our TREC which is 47.5 K. We now need to calculate
TA whose equation is given in Section 2.4. We assume that we only look at the
zenith (θ=90°) to minimize the spill-over noise from the ground and focus on the
atmospheric noise temperature, cosmic microwave background radiation ∼ 2.7 K
is also ignored as it is small compared to atmospheric noise at these frequencies.
We also assume that it is a ’perfect’ day for observation in astronomical terms,
i.e perfectly cloudless skies with cold weather which provides a more transparent
atmosphere. We also assume that there is no spillover from the reflector to simplify
our calculations. This assumption in reality is not true and generally, 10 K - 20
K noise comes from spillover. Then the antenna noise temperature, TA can be
approximated as the noise temperature coming from sky, Tsky and the atmospheric
noise temperature, Tatm, TA ≈ Tsky ≈ Tatm. From the Onsala handbook for the 20 m
dish telescope [26], we obtain the Figure 5.25. From this figure we can obtain values
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for Tatm and calculate Tsys for our design. In practice, the system noise temperature
depends on the design of the feed for both the antenna temperature, TA and receiver
noise temperature, TREC and can never be ignored.

Figure 5.25: System noise temperature Tsys, receiver noise temperature TREC
and atmospheric noise temperature Tatm approximated for the Onsala 20 m radio
telescope over the E-W Band (Source: Onsala Space Observatory [26]).

Effective aperture area, Aeff is nominally calculated as

Aeff = (ηlosses)× ηA × Ageom (5.3)

where, Ageom is the physical geometrical area of the dish and ηlosses includes radi-
ation and dish losses, but in this case we assume it as 1. For the purposes of this
calculation we ignore the dish losses, to simplify (5.3) to (5.4). In reality, at such
high frequencies, dish losses cannot simply be ignored as they are quite significant
and affect performance.

Aeff = ηA × Ageom (5.4)

From here, SEFD for the dish can be calculated according to the equations given in
section 2.4. Figure 5.26 gives us the approximated values of the sensitivity of the
system, with and without the consideration of atmospheric opacity.

The parabolic shape of the graph illustrates well the difficulty of having good
sensitivity for measurements at either end of the spectrum. The SEFD presented
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Figure 5.26: Approximated sensitivity values for the final corrugated horn design.
The red curve shows the values when atmospheric opacity is not taken into consid-
eration with the maximum sensitivity occurring at 1272.49 Jy at 100 GHz and the
average sensitivity measuring 2100 Jy. The blue curve shows the sensitivity values
when atmospheric effects are taken into account, which is a more realistic scenario,
the maximum average sensitivity values at 3550 Jy.

is approximated with simplifications due to the system complexity and time con-
straints, and in these conditions, they meet our requirement specified for sensitivity
(SEFD) in Section 3.7. If we use the Tsys values given in Figure 5.25 which takes
into consideration the atmospheric opacity, eτ , for our frequency band we see that
the SEFD number for 70 GHz is approximately 5500 Jy and for 116 GHz it is 5200
Jy, whereas for 90 GHz it is ≈ 1600 Jy, shown in Figure 5.26. These values, spe-
cially for the extremes of our selected spectrum, are much higher than the ideal
values we have calculated. In reality, the 20 m dish is covered with a radome which
contributes to dielectric loss and scattering effect. The gravitational effect of the
telescope tipping means that the shape of the parabolic reflector changes and pushes
the sub-reflector with the structure. The anomalies cannot be compensated for per-
fectly. At such high frequencies, the dish surface also contributes significantly to
losses. However, in this thesis we have assumed that the surface of the dish is near
perfect which is not the case for the 20 m dish. However, since we do not have
enough data for estimating these effects in our study, we accept the approximated
values of sensitivity.
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5.5 Existing Horn Designs for the E-W Band
There are several corrugated horn feeds that have been designed for the same fre-
quency bands as used in this project. We discuss the results of one of these designs
mentioned in the paper titled, "Design of a 67-116 GHz Corrugated Circular Horn
for the ALMA Radio Telescope" by R.Nesti, G.Pelosi, S.Pilia and S.Selleri [40].
The paper documents an ultra-wideband circular corrugated horn feed designed for
bands 2 and 3 of the ALMA radio telescope located in the Atacama desert in Chile.
The bands cover frequencies from 67 GHz to 116 GHz with a chosen center frequency
of 91.5 GHz and corresponding wavelength of 3.726 mm. The specifications of the
design included an input reflection coefficient better than -30 dB, a cross polarization
level lower than -30 dB over the whole band and an edge taper of -12 dB at 17 °at
center frequency in the 45°plane.
The specifications were successfully met with a compact corrugated horn 52.08 mm
in length and 17.98 mm wide aperture. It consists of a total of 46 corrugations,
the transition region occurring in the first 32 corrugations. The attained reflection
coefficient and cross polarization level are reported to be well below the -30 dB
requirement, Figure 5.27 shows these results in dB as a function of frequency. Figure
5.28 show the radiation pattern of the ALMA horn at 91.5 GHz.

Figure 5.27: ALMA Horn input reflection coefficient,| S11 | and maximum crosspo-
lar level, max(XPol), in dB over the frequency band. Image Credit: [40]

The pattern is showed for the E-plane, H-plane as well as the 45°plane. We see good
symmetry in the pattern in all the three planes which is a characteristic feature for
the corrugated horn. The small inset image shows a magnification of the pattern
around 17°. It is reported that the drop at 17°is 11.99 dB in the 45°plane which is
very close to their requirement of 12 dB. The taper varies by ±0.2 dB in the E-plane
and the H-plane. The phase centre variation over the band is shown in Figure 5.29.
The variation is limited to around 4mm over the whole band.
If we do a comparative study of the design presented in the ALMA paper [40] and our
final design, we will call it the Onsala design for the sake of comparison, has a higher
input reflection coefficient in the lower half (between 70 and 90 GHz) of the band
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Figure 5.28: Gain pattern of the ALMA horn at 91.5 GHz in E-Plane, H-Plane
and 45°plane. The inset image magnifies the graph around 17°to show the -12 dB
taper in the 45°plane with an error of ±0.2 dB in the E-plane and H-plane. Image
Credit: [40]

Figure 5.29: Phase center positioning of the ALMA horn on E-plane, H-plane and
the 45°plane as a function of frequency. The values are presented in millimeters
from the aperture with the negative values moving inwards the ALMA horn. Image
Credit: [40]

and similar values for the upper half of the band (between 90 and 116 GHz). The
Onsala design also does not meet the edge taper requirements completely whereas
the ALMA design has the specified edge taper with a very small margin of error. So
what is it that makes the Onsala design different and still acceptable? The Onsala
feed has a more challenging to design half-subtended angle at 6.09°. This is difficult
to achieve. However, the design procedure, simulations and results produced in this
thesis show that, it is not impossible to design a corrugated horn feed with good
performance to produce the narrow beam required for the 20 m dish.
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We have documented and proposed a 1.66:1 wideband circular corrugated horn feed
for the Onsala Space Observatory 20 m radio telescope. The feed is designed to
be used in the 20 m Cassegrain type dish geometry. It covers frequencies between
70 - 116 GHz and achieves an average aperture efficiency of 65% over the whole
band. The corrugated design presents an input reflection coefficient less than -15
dB over the entire band and is reasonably close at -11.356 dB to the required -12
dB edge taper at the small half-subtended angle of 6.09°at 90 GHz in the E-Plane.
System equivalent flux density (SEFD) was evaluated in assumed ideal conditions
as a measure of sensitivity of the corrugated feed system. When the atmospheric
opacity is not taken into account, with the ideal maximum sensitivity value is 1272.49
Jy occuring at 100 GHz, while the average over the whole band is 2100 Jy. If
the atmospheric opacity of the system is considered, which is the relatively more
practical scenario, then the maximum average sensitivity is 3550 Jy, in both these
scenarios, the set goals are achieved. The report also documents a smooth circular
horn design which forms the basis of the corrugated horn design for this project.

The fundamental theory and equations used for the horn design were taken from
the paper titled "Design of Corrugated Horns: A Primer" by Christophe Granet and
Graeme L. James [29]. The design of the corrugations was carried out in MATLAB
whereas the electromagnetic simulations of the smooth and corrugated horn were
performed in CST Microwave Studio. The smooth horn design was important to
analyze the performance of the horn and to optimize the various parameters neces-
sary to achieve the specifications of our design. Corrugations were then introduced
in suitable smooth horn designs and the results of the final selected designs for both
the smooth horn and the corrugated horn were documented in this report.

The design approach as mentioned in [29] gives satisfactory results in terms of
performance but results from the final corrugated horn design suggests that the mode
converter located at the throat of the horn has some imperfections. The transition
of modes from transverse mode to hybrid mode is not smooth and this causes the
results between 70 GHz and 80 GHz to not follow the expected trend. Possibly, a
different design approach needs to be considered to design the mode converter of
the horn for improved performance.

The sensitivity results are also approximated and give the most ideal values that
the designed final corrugated horn can achieve without atmospheric affects (which
is not realistic). In reality, if we take into account various efficiencies and sub-
efficiencies of the dish and the feed along with actual atmospheric conditions at the
time of observation, the sensitivity will always be worse than the values presented
in this thesis. A brief comparison was also done between the existing corrugated
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horn design for the ALMA telescope mentioned in [40] and our final corrugated
horn design. It was concluded that, the corrugated horn designed for the ALMA
telescope achieves slightly better overall performance and reasoned that the Onsala
design has it’s own extreme requirements due to which its performance is hindered.

The main challenge of the thesis was to create a corrugated horn for the extreme
specification of achieving an edge-taper of -12 dB@6.09°at center frequency in the
φ =0°plane. From all the results obtained, this thesis shows that the challenge was
successfully met and the reported design can be further improved for better perfor-
mance. Possible future improvements in the final design of the horn are suggested
and development of the final corrugated horn design into a radio-camera feed is also
documented.
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This project is part of a greater vision to develop a multi-pixel ’radio-camera’ array
for the Onsala 20 m radio telescope. Similar projects have been carried out for
other telescopes around the world [41], [42]. A radio-camera fed reflector gives faster
survey speeds with a wider field-of view. Some suggestions for further development
of the array are given below,

• a study in the trade-off between field-of-view and sensitivity for the radio-
camera is crucial to motivate whether an upgrade is reasonable. This would
give answers to how much sensitivity is lost in favour of increasing the survey
speed with a wider beam on the sky.

• a study in beam separation vs noise contribution would show how separated
beams vs overlapping beams compare and how this would contribute to over-
lapping losses.

• effect of array configuration on beam shaping is also another important factor
to consider.

• different antenna element instead of the corrugated horn could be used to
create the array, e.g. bullet antenna - it can potentially reduce the cost of the
whole array system.

The author also realizes that the horn design she has is good but can be greatly
improved. Some suggestions are given below,

• An algorithmic optimization strategy could be used to further improve the per-
formance of the design, maybe contribute towards better aperture efficiency.
Since the corrugated horn consists of a large number of variable parameters, a
broad optimization strategy such as those mentioned in [43] might be useful.

• The corrugations in the mode converter could be designed differently in order
to shorted the length of the horn. The mode converter is a very important
segment of the corrugated horn, as such it contributes to the total length
of the design as well as its performance. Horizontal or axial corrugations as
mentioned in [44] could have interesting effects on the length of the horn,
return loss as well as the manufacturing process of the horn.

• Other profiling options could also be considered for better design. In this
thesis, we only considered four profile options: exponential, hyperbolic, sinu-
soidal and xp profile. A lot of other profile options exist such as asymmetrical
sine, tangential and linear. Gaussian profile has recently become more popular
among horn designers due to it producing good symmetry in beam patterns
[45]. Spline-defined profile has also come into limelight for its performance,
however it takes a lot of computational power and efficient optimization algo-
rithms [17].
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