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Abstract

The primary concern of this thesis is the developmethadretical and computational
techniques for the modelling of cavity coupled bolometric detectors faefmtillimetre

wave and terahertz astronomical receivers. Hypersensitive bolometer based reckivers

be required to answer current open questions in astronomy concerning star and planetary
formation, solar system physics as well as galaxy evolutiomaection As part of the

work for this thesis, fast and efficient Python code, GAMMA (Generalised Absorber
Mode Matching Analysis), was developed and applied to existing and proposed future

systems.

One of the main goals of GAMMA was to analyse the grentince of theroposed
multimode pixel for the SAFARI instrument on thext generatiorSPICA terahertz
gpace telescopd he pixels contain a free space gap between the horn and the cavity. The
array of detectors will lie on a chip with an array of hdagsling them from the frontside

and an array of backshort cavitieshind them The beam pattesrfor a SAFARHike

pixel werecomputed, using a direct calculation of the power absorbédeblgolometer

in free space. This shows how the formalism can kd tes directly calculate the power

absorbed by a detector in a realistic terahertz receiver system.

The impact of the various potential manufacturing tolerance levels for the feed horn on
the predictions of the beam on the sky wals® analysed for a mithetrewave system.

The specific example consideredhs thenew 4 mm receiver on the Onsala Space
Observatory 20 m millimtrewave telescopeMode matching, Gaussian Beam Mode
Analysis and Physical Optics were used to determine the behaviour of the wgégal

system.

GAMMA was alsoapplied to the multimode 857 and 545 GE&APlanck HFI channels.
Agreement between previous predictions and both laboratory diighihmeasurements

reported in literaturgvas improved on
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Chapter 1: Introduction

1 Introduction

1.1 Overview

The main subject of this thesis is the quastical and electromagnetic design and
analysis of millimetre wave and far infrared receiver systems. lchiajgter an overview

of the motivation for theletailed work undertaken in this thesis, including the science
drivers which set challenging technical requiremédatsthe receiver systemswill be
presented.

The terahertz (THz) band occupies the part of electromagnetic spectrum between the
infrared ad microwaves. It is loosely defined to lie between a frequeh®yloTHz to

10 THz (wavelength of 30 &e&m to 3 mm). Ho
defined to lie between 0.3 THz and 3 THz, since below 0.3 THz (300 GHz or wavelength
of 1 mm)it is also referred to as the millimetnave band and above 3TKHzZ1 00 & m) t

mid-infrared begins.

For a number of yearspuchresearch effort has been expended in order to accurately
predict the electromagnetic performance of terahertz receiver systems. Prior to the work
in this thesis, the program SCATTER (ColganQ20Gleeson, 2004), based on the mode
matching technique (Wexler,9%7) and written in Mathematicavas developed to
accurately predict the beam patterns of horn antennas, both of cylindrical and rectangular
geometries The technique has beapplied to bth single mode coherent detector
systems and incoherent multimode bolometric deteceserally, a thorough analysis

of the horn, absorber and cavity system is required for a complete understanding of a
typical multimode bolometric systemni the farinfrared. Horn antennas coupled to
absorber cavities operating at high frequenciesten@gever, computationally intensive

to model as they tend to be electrically large (in terms of wavelength). With the
development of large arrays direct detectors, manyeal systems now employ a free
space gap between the feed horn and the detector cavity, which could not be adequately
modelled with the SCATTER code. Commercial software packageh as CST, which

use Finite Element Analysiare also computationally imieiveand cannot easily model

electrically large systems.
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It is for these reasons that a GeneralidbdorberMode Matching Analysis (GAMMA)
software has been developed, which was one of the main achievements of this thesis.
GAMMA is structured in a simdr way to the SCATTER software, however, it is how
written in Python. It is able to model electrically large structures in a computationally
time efficient manner in comparison to the Mathematica SCATTER code. Absorber
cavities can also e efficiently modéed in GAMMA and the absody can be of an
arbitrary shape. This has proved to be a significant advancemneptevious code
capabilities. The software can also model misalignments between sgstimhsas
between an absorbingavity and its feed wavegile where the misalignments are
deliberate in an attempt to capture more power at the absorber. This feature of the
software could also be applied for tolerance analysis of section misalignment for
corrugated horns manufactured using the stacked ringsagprfor example. GAMMA

is able to couple cylindrical waveguide modes to Bessel beams (modes, which can be
used to describe free space propagation), and it was thus used to model a -8Ré&-ARI
pixel where there exists a free space gap between the hattmeacal/ity and the absorber

is placed in the free space gap. Standarelas, rectangular horn antennas can also be
modelled using the GAMMA software. Thus, with the innovations made to the mode
matching technique, systems with very high coupling toitlceming signal can be

designed, as will be discussedhis thesis

The output from the GAMMA software has been used as input to the GRASP physical
optics programme to allow the horn beams to be propagated through the telescope and
optical systems so ds predict the beams on the sky for a number of milliretee

and terahertz systems (tldanck high frequency channels atlte Onsala Space

Observatory 4 mm channel on the 20 m millimetaeve telescope)

The final section of this chapter consists ofoatline of thechapters which make up the
rest of this thesis.

1.2 Technology Research Programme

The main driver for the work in this thesis was a successful proposal by Maynooth
University under th&uropean Space Agendy$A) science programme for the &tegic
Initiative for Irish Industry, Academia and Research Institutions, which was concerned

with the development of receiver technology (in particular optics) for futurenave

2
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and farinfrared applicationsThe SPICA missionsummarised in Sectioh.4, is one of
the future missions under consideration requiring such technology and the proposed

SAFARI instrument in particular is relevant for the work presented in this thesis.

As part of th€ESA Special Initiative programmdaydg main work packages of the proposed

researclare outlined infablel.1.

WP 1 | Optical characterisation of low noise TES detectors

WP 1.1 Profiled horn design

WP 1.2 | Design and analysis of the iR TES detector cavity struces

WP 1.3 | Experimental verification of the optical analysis of BRI TES detector arra
WP 1.4 | Telescope optics coupling to waveguide / cavity mounted TES devices
WP 2 | Technology development and component test facilities for future -B
polarisation missions

WP 2.1| Development of high precision experimental verification capability
WP 2.2| Analysis and experimental verification of refractive components
potential focal plane pixel designs

WP 3 | Other ESA programmes

WP 3.1| Other instruments proposed anthder study related to famfrared
astronomy

Tablel.1: Summary of work packages

The author of this thesis was involved in the analysis ofRafES detector cavity
structures as part of WP 1.2 and thelgsia of the Planck multimode horns (857 GHz
and 545 GHz) as part of WP 3.1.

Work as part of WP 1.2 included the development of the required software tools, as
modelling such multimode hombsorbeircavity combinations at high frequencies
presents difficules for standard simulation packages due to their electrically large nature.
In this case, mode matching may be used as a more computationally efficient alternative
technique(i.e. the GAMMA software referred to earlieth\s part of this programme,
techngues were developed to analyse the efficiency of SAHKRIpixel geometries

and also model absorbers of arbitrary shapes betxisrand offset. ThH6 AMMA code
developed can also extract the power absorbed directly at the absorber, which is useful

whendistinguishing between power absorbed and power lost through a free space gap.

Some work was also continued in the case of other relevant missions and projects. In WP
3.1, the analysis of the Planck multimode horns and optics was improved upon, for

example andis reported on in this thesi§he Planck multimode horns on thah
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frequencyinstrument(HFI) at 545 and 857 GHz were analysed more precisely as part of
the work of this thesis, by taking a more detailed model of the-tmalblck horn
configuratian into account. The eigenmodes of the horn were propagated through the
Planck telescope and onto the sky using Physical Optics tech(gRAS software)
Comparisons were mad€l{apters) with existing simulions (McAuley,2015 Wilson,

2014) and laboratory measurements bringing better understanding to the original

measurements.

1.3 FarlR Astronomy Missions

A significant portion of the phohs in the universe fall withinhe farIR band as

illustrated inFigurel.1 below.

Frequency v [GHz]
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Figurel.1: Spectral energy distributions of the extragalactic background (blue is cosmic optical
background, red is cosmic infrared background and grey is cosmicwaiwedackground) (Dolet al,
2008)

The cosmic infrared background (CIB) is the emission atnsobwavelengths of the
formation and evolution of galaxies, including active galactic nuclei (AGN) and star
forming systems (Puget al, 1996). The spectrahergy distribution of the CIB peaks
near 1 THz and accounts for approximately 50% of the energy in the optical/infrared
extragalactic background.

The birth and much of the growth of galaxies, stars and planets occurs in regions hidden

by a thick blanket oflust, which is opaque at opticahvelengthsThus, a more complete

4
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physical understanding of mamyocesses thatccur in théJniverse is only possible with
sensitive observationat infrared emissions which can penetrate dust and reveal the

details ofstar and planet formation galaxies

In general, bservations at different wavelengths provide information about different
physical and chemical processeghauniverse, where different observation methods are
required depending on which band is beiagserved. Certain features that are visible in
onepartof the electromagnetispectrunthrough their emissionsecome transparent in

others. This is illustratech Figurel.2b el ow, whi ch shows Messi e

Figurel.2: M16 as viewed at visible, near infrared -fafrared, midinfrared, millimetre and sub

millimetre waves and Xays (sci.esa.int, 2012)

The image taken at visible wavelengtii®ws the shadowf dark dust cloudswhile at

nearlR wavelengths, the dust becomes almost transpdretiie farlR, the emission

from the cool gas and dustin be observedvith eachwavelength bandepresenting a
different temperature. Observations in the-sulimetre band reveal the inner structure

of the nebulaln the X-ray region, observations show hot young staetecting radiation

at these wavelengths and combining the data is essential in order to build a more complete
picture of theinterior structure of tls star forming regianThe same is true for many

different physical processes including star formation and galaxy evolution.
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Observations with preous space missions in the dafrared have improved our
knowledge of such processé&/e shall now considetthe Herschel Space Observatory
(HSO) (Pilbratt, 2003)seeFigure1.3), whichwas an ESA operated space observatory.
Herschel was an infrared telescope with a primary mirror of 3.5 m and instruments
capable of operating in the farfrared and suimillimetre wavelength range (55 672

em), which, to date, iIis the onl ynfraseftace f
submllimeter parts of the spectrum. It opengzparts of the spectrum which wedenost
unexlored and coulchot be observed from grourdle to atmospheric effects. The
telescope itself is a Cassegrain design with a primary mirror of 3.5 m in diameter,
passively coted to 80 K (sci.esa.int, 2010} was launched on the #4f May, 2009
along with ESAG6Gs Pl anc k5 rxletTaéd HSO toatinuech b o
observations of the sky for almost 4 years, until it ran out of coolant on ‘thef 2gril,

2013.

Figurel1.3: Herschel Space Observatory (sci.esa.int, 2010)

The three scientii instruments aboarthe craftwere: HIFI (Heterodyne Instrument for

the Far Infrared), PACS (Photodetector Array Camera and Spectrometer), SPIRE
(Spectral and Photoetric Imaging Receiver). HIFI vgaa high resolutiometerodyne
spectrometer, PACS waan maging photometer / medium resolutiagrating
spectrometer and SPIRE svaan imaging photometer / imaging Fourier transform

spectrometer.

The key science questions answered by Herschel include how galaxies formed in the early

universe, issues related to erdtellar medium physics, star formation and also
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phenomena associated with cometary and planetary atmospheregw consider the

significance of each one of the areas:

()

(ii)

(iif)

Star formation and its interaction with the interstellar medium: Star
formation is tle process by which dense regions within large molecular clouds
of gas and dust collapse under gravity and fragment, becoming denser and
hotter. When the pressure and density become sufficiently large, nuclear
fusion in which hydrogen is converted into kel takes place (protostar
formation). Observation of newly formed protostars is important for the
investigation of the processes involved with star and planet formation.
Newborn stars emit radiation at UV and visible wavelengths, approximatelly
half of which is absorbed by the neighbouring dust grains amddiated at
longer wavelengths (mitR, far-IR and submm) (Carroll and Ostlie, 2007:
398). Observations in the f#R and submm bands of the spectrum thus can
reveal protostars (and protoplanetarkdialso). Moreover, circumstellar dust
and gas making up the disks also emit at these wavelengths.

Galaxy formation in the early universe and the evolution of galaxies
Redshifted wavelengths of distant objects cause the peak of the dust emission
to movefrom farIR to submm wavelengths, and, since Herschel covered
both of these parts of the spectruhe observations complement arether,
allowing for the study of star formation in both nearby and distant galiaxies
the early universeHerschel allowd astronomers to resolve the CIB radiation
into individual active star forming galaxies at an epoch where star formation
was roughly ten times greater on average than it is now.

Molecular chemistry of planetary, cometary and satellite atmospheres:
Data compiled by HIFI was used to investigate the role of water in the
Universe. Absorption lines corresponding to the lowest energy (ground) state
of water vapour are found in the fl® submm parts of the spectrum. Due to

its spectral resolution, HIFI was setingd to ~40 different transitions of the

water molecule.

Figurel.4 below shows a comparison of the view of M51 (Whirlpool Galaxy) in the Far

nfrared (160 ¢&m) as I maged by Spitzer

andHerschel.

(
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Spitzer/MIPS Herschel/PACS

NASA/JPL-Caltech / SINGS

Spiral Galaxy M51 (“Whirlpool Galaxy™) in the Far Infrared (160pm)

Figurel.4: M51 as viewed by Spitzer (left) and Hers

The advantage of the 3.5 m primary mirror of Herschel to the 0.85 m of Spitzer is clearly
evident hee as Herschel reveals structures that cannot be detected by 8pézethe

improved resolution and sensitivity.

1.4 SPICA Space Observatory

Future farinfrared space missions, such as SPICA, aim to build on the work carried out
by previous missions (suchs Hersche])by looking deeper into space than their
predecessor3.he Space Infrared telescope for Cosmology and Astrophysics (SPICA) is
a proposed space based infrared telescopé-{ger=1.5), aiming for launch in the ltr

part of the 2026, with a mission duration of 3 years (nominally 5 years). It is a joint
project between JAXAJapan Aerospace Exploration Ageney)d ISAS(Institute of
Space and Astronautical Scienad)Japan, and ESA. It Wihave a primary mirror of
2.5m diameter (current desigagicamission.org, 201)j andwill be cooledbelow 8 K.

The three scientific instruments aboard will be: SMI (SPICA Mid Infrared Instrument),
SAFARI/SPEC (SPICA FalR Instrument: spectrometer), SAFARI/POL (SPICA-Hr

Instrument: polarimeter).
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Figurel.5: SPICA space observatofgpicamission.org, 2017)

The instrumenbn SPICAof most relevance to this thess SAFARI (SpicA FAR
Infrared instrument), which is a gratingegfrometer covering a wavelength range of 34
210 ThemproposedGAFARI instrument will use the mid far-infrared portion of

the electromagnetic spectrum in order to study the evolution of galaxies.

In order to carry out new investigations with SPI@¥at were not possible previously,
high sensitivity and spatial resolution are required. For high spatial resolution, a large
primary mirror is needed. Due tbhe high sensitivities also requirdtwever, the mirror

must be cooled to low temperatures, evhis challenging due to the size of the mirror
Therefore, m the case of SPICA, making use of the cryogenically cooled primary mirror
(at 4.5 K (spicamission.org, 2017)) of the telescope, the goal is to achieve a sensitivity
such that it could detect frared sources two orders of magnitude fainter ttian

detection capability of Herschel

SPICA will build on previous work carried out by Herschel by extending the frequency
range to cover the full faR band and will complement future work of the Ataealbarge
Millimeter Array (ALMA) and the James Webb Space Telescope (JWST). It will close
the gaps between the low frequency of the #iRapands of the JWST and the upper
frequency limit of the sulnm bands of ALMA.

The primary goal of SPICA will be to uatstand her galaxies, stars and planetsm

and evolve as well a® investigatehe interaction between the astrophysical processes
that have led to the formation of our own Solar system. It will target young gas giant
planets, protoplanetary disks, gala and extragalactic star forming regions, luminous
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IR galaxies, AGN and starburst galaxies at high redsisifivell asperforning deep

cosmological surveys (spieaission.org, 2017).

SPI CA6s highest resolution mopeeaprogesies be
such as jetsandwinds andthenlink this to various disk geometries/structures such as
gaps, holes and asymmetrid$ie hgh sensitivity and resolution of SMI will allow for
the determination of accretion and disk winds from ppémetiry disks andestablish

the lifetime of primordial gas in the disk.

Having access to many diagnostic infrared lines, SPICA will help to analyse the
mechanism driving galaxy evolution. It will also provide insight on the connection
between the peak in stiormation and black hole growth edshiftz ~2 and measure

obscured starbursts and AGN outzte 4.

SPICA will also probe the history of metal and dust production over the age of the
universe andmnprove the understanding ofagnetic fields and turbethce in the process

of star formation.
SAFARI Instrument

The SAFARI instrument is an imaging spectrometer consisting of an infrared camera with
approximately3300 pixels. Fourier transform spectroscopy is used to obtain spectral
information allowing for tle determination of the chemical composition of the sources

being observed.

The detectors consist of a multimode horn feeding a cavity containing a superconducting
absorbing layer which is used with a transition edge sensor (TES) coupled bolometer to
measue the absorbed power (ashkigure 1.6). The proposed cavity is hemispherical,

which will retain any power that was not absorbed by the absorber and cause it to make

further passes of the absorber, increasingdta amount of absorbed power.

Conical

Feedhorn Absorber
50-um 200x200 um

gap above
detector

Hemispherical —> M

- w

Figurel.6: Single SAFARI pixel (Audley, 2014)

10
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SAFARI will operate over the folloimg wavelength bands=8and 84-6 0 )gMyband
(601 1 0 ) anchl-band (1102 1 0 ). &€ach bad requires a large numbef high
sensitivity pixelschallenging existing detector technologyu@ley, 2014.

The SAFARI instrument will use the mid far-infrared portion of the electromagnetic

spectrum It will analyse the radiation frote processesat drive galact

ic evolution, which are obscured by dust that is opaque at other frequencies, making the

mid/far infrared so powerful when these processes are required to be studied.

1.5 The Planck Satellite and the Cosmic Microwave Background

The Cosmic Micowave Background (CMB), is the electromagneticmant of the very

early dense, hot Univers@t approximately 380,000 years old, the early Unigdrad

cooled to a temperature of ab@@®00 K and contained a primordial soup of free nuclei,
electrons anghotons. The mean free path of the photons was short since they interacted
strongly with free electrons via Thomson scattering. As the universe expanded and cooled
further, the photons lost energy until they were no longer tabienise any atoms that
formed in aprocess is kown as recombinationCarroll and Ostlie, 2007: 118TThe
photons were now free to travel essentially subject only to the effects of cosmological
redshift. This 6édbackground©6 condndés #oftfillalo n e
space. The photons today appear to originate from a spherical surface, with a radius equal
to their travel distance since last scattering, at approximately 380,000 years after the big
bang (known as the last scattgrisurface) and is known as the Cosmlicrowave
Background radiation as the wavelength of the photons has been redshifted onto the

microwave/millimetre wave part of the electromagnetic spectrum.

The CMB was discovered by Arno Penzias and Robert Wilson in 1964 when they were
working to repurpose a Bell Laboratories horn antenna @Sggire1.7) in New Jersey.
They were unable to find the source of the noise from their microwave antenna signal

encountered at a level of approximately 3.5 + 1.0 K (PeanddNilson, 1965).

11
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Figurel.7: Holmdel Horn Antenna where the CMB was first dete¢@akroll and Ostlie, 2007)

Having ruled out other possible sources they concluded that this noise must be coming
from outside our own galaxy. They were put in touch with Robert Dicke nghabzed
they had detected t&MB radiation from the Big Bang (Dicket al, 1965).

Since its discovery by Penzias and Wilson, numerous observations of the CMB have been
made by both grawd based and space based experiments. Ground based observations are
limited in the number of frequency bands which can be viewed from Earth due to
atmospheric absorptioRor example, in the fanfrared range the atmosphere is opaque.

This attenuation ahefari nf r ar ed signals due to the Es&
accuracy of the detection of faiBt1 mode (faint features of the CMB polarisation)
signals.Space based missions are better suited to study the CMB in greater detail as they

can achige the required sensitivity, frequency and sky coverage required.
Measurable properties of the CMB

Any observer who is at rest with respect to the Hubble flow, which describes the motion

of galaxies solely due to the expansion of the universe, will obseev€MB spectrum

with the same intensity in all directions (isotropic CMB). There exists a Doppler shift of
the CMB which is caused by an observer s
Hubble flow).

12
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After the dipole anisotropy has been subtrdétem the CMB, the remaining background
radiation is highly isotropic with the intensity being almost equal in all directions.

However, sensitive instruments have revealed that the Ba4Botter and cooler areas.

Multipole momens are useful fordescribhg the CMB anisotropies which can be

described as a sum of spherical harmonic multipoles (Liddle, 2003: 152).

= (0.)=& a0 Yaa.7) (11)

where Y,L(q,f) are the multipole moments. The largest pues angular scale

measurement corresponds to a multipole momelr0of360", or the entire sky). At this

scale, the CMB is isotropic. Att1 (equivalent angular scale df80"), the dipole
fluctuation can be observedt k2 (quadrupole anisotropy) the polarisation of the CMB
photons arises.

The polarisation of the CMB photons, which comes from the Thompson scattering of the
CMB photons by free electrons in the phetmaryon fluid, is extremely difficult to detect.

The magnitude of the polarization signal is less than 1% of the size of the temperature
fluctuations (Carroll & Ostlie, 2007: 1270). Complications, such as polarized foreground
radiation due to galactic synchrotron and thermal dust emigsiastbe accountedof.

The resultant field can be decomposed into sdalamodes and tens&-modes andB-
modes, wher&-modes have a vanishing curl aBanodes have vanishing divergence.

In order to test inflationary models of the early Universe via the detectiBrmaddes,

which are introduced by primordial gravitational wawbg, study othe polarisation ©o

the CMB with high sensitivity is required.
Previous CMB missions

In 1989, NASA launched its first CMB mission, the Cosmic Background Explorer
(COBE) Boggesset al, 1992. The purpose of this mission was to map the CMB
emission over the whole sky and measure the temperature anisotropies (small fluctuations
of the temperature of the CMB, imprinted on the sky). COBE contained the following
instruments: the DifferentidMicrowave Radiometer (DMR), the FémfraRed Absolute
Spectrophotometer (FIRAS) and Diffuse InfraRed Background Experiment (DIRBE).

The DMR was responsible for measuring the anisotropy (Smoot, 1992). The data from
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COBE was used to produtee first full sky map of thenisotropies of the CMB of the

order ofg =1310° as inFigurel.8.

Figure1.8: COBE map of anisotropidgscience.nasa.gov, 2016)

In Jure 2001, NASA launched the Wilkinson &dowave Anisotropy Probe (WMAP).

One of the goals of this mission was to measure the temperature anisotropies discovered
by COBE with higher spatial resolution to obtain higher order multipoles. Observations
were carred out in five different frequency bandsii&and, Kaband, Qband, \‘band and
W-band, covering a frequency range of 280 GHz, to allow separation of galactic
foreground signals from the CMB. The receivers were polarization sensitive differential
radiomeers measuring the temperature difference between two points on the sky rather
than measuring absolute temperaturegurel.9 (left) below shows the full sky WMAP

CMB anisotropy map anBigure 1.9 (right) show the CMB polarisation measurements

as a composite of the five frequency banBgjure 1.9 (right) shows the WMAP
measurements of the angular power spectrum (TT), temperafineote correlation

(TE), Emode polarization (EE) and upper limitrBode polarization (BB) as evidence

for B-modes was not found.
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Figure1.9: Anisotropy measwments carried out by WMA@nap.gsfaiasa.gov, 2017)

ThePlancksatellite launched by ESA in 2009, had several scientific aims. They include
the measurement of the temperature and polarisation of the CMB with sensitivity, angular
resolution and frequency range that were not achieved byopsevnissions (Planck
mapped the skyFigure 1.10) with an angular resolution that was 2.5 times that of
WMAP). The larger number of frequency bands (9) observed by Planck, allows for the
removal of diffuse and compact foregroundsiose emission obscures the CMBie
payload consists of an e#ixis tilted Gregorian telescope witp@mary mirror measuring

1.9 m3 1.5 m and a secondary of 1.131.0 m which fed two instruments: the Low
Frequency Instrument (LFI) and High Frequency Instrument (HFI), providing a
frequency coverage of 27 GHz to 1 THz.

Figure1.10: Planck map of anisotropies (Planck Collaboration, 2014(l))

In addition to making masurements of temperature anisotropies, both WMAP and Planck

also recorded the polarisation characteristics of the CMB photons incident on the
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detectors, which is importaimt orderto understand the nature of the early Universe, when
structure first forred. The polarisation fluctuations are several orders of magnitude lower
than that of temperature fluctuations and polarised foregroomast be removed,
requiring extremely high sensitivity. For the case of Planck, one of the goals of the
mission was to & inflationary models of the early universe via thetection of a
component of the CMBB-modes) which required studgf the polarisation of the CMB

with high sensitivity.

1.6 Foreground Sources

As a-probduct 6, observations matioheaboit ythe Pl ar
interstellar medium as seven types of unresolved foregrounds must be removed or
controlled for CMB analysis. These include: dust thermal emission, dust anomalous
emission, CO rotational emission lines, ffege emission, synchrotron emiss, the

Cosmic Infrared Background and Sunyatatdovich secondary CMB distortion (Planck
Collaboration, 2014(1)). The regions of emission fronsés®urces mentioned are shown

as a function of frequency Figurel.11.

30 44 70 100 143 217 353 545 857 ]

10’ 10’

1’

Rms brightness temperature (LK )
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X N P : s
10 30 100 300 1000
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Figure1.11: Plot of the contributions of the foreground sources in terms of brightness temperature at

various frequencies (Planck Collaboration, 2014 (1))

Dust emission, which arises from therediation of absorbed interstellar light, is the
dominant foreground at HFI frequencies, with the contribution rising towards 1 THz.

This can be seen in the all sky mapgy(re1.12) produced by each frequency chah
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on Planck, especially at the three highest frequencygneis, 353 GHz, 545 GHz and

857 GHz, which show much more diffuse backgrosind

T} st P P T e pay P
The sky as seen by Planck

Figurel.12: Planck aHsky maps at the three LFI and six HFI ba(&ts.esa.ity 2013

In the highest frequency bands of the HFI (353, 545 and 857 GHz), the cosmic infrared
background (CIB), a signal which occurs in regions of high activity and density, can be
observed. CIB anisotropies are expected to trace-trgle structures and probe the

clustering properties of galaxies, constraining the relationship between dusty, star

forming galaxies and the dark matter distribution (Planck Collaboration, 2014 (1)).

The data from the three highest frequency channels on thelldRtj with data from the

Infrared Astronomical Satellite (IRAS) mission (Neugebagteal, 1984) at 1
werealso used to produce aky maps of dust optical depth, temperature and spectral
index over a frequency range of 353000 GHz (Planck Collaboration, 2014 (XI)). The

high resolution of the PlandiRAS product results in a more dééd mapping of column

density structure, particularly in the denser regions of the ISM.

The three highest bands of the HFI have also been combined with IRAS to produce an
all-sky catalogue of Galactic Cold Clumps (PGCC), containing88Galactic source
spread across the whole sky (Planck Collaboration, 2016 (XXX\Higure1.13 shows

the distribution of the GCC sources overlaid on the 857 GHz Planck map.
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Figure1.13: All-sky distribution of PGCC sources (Planck Collaboration, 2016(XXXVIII))

Cold dust clumps are mainly associated with dense regions within molecular clouds.
Observing cold dust is relevant for the studyhefearliest stages of star fornat. The
highest frequency channels of the HFI, 545 GHz and 857 GHz will also be analysed later
in this thesis Chapters).

1.7 Detector Technology

In this section, the detector technology used for astronomical observations in tegzerah
band will be summarized, including bolometers, transition edge sensors and kinetic

induction detectors.

The terahert£THz) region is at the transitiondm microwaves to the infrared. Due to

the historic lack of developed technologiethis range offrequencies is known as the

Ot erahertz gapbo, r e f fethisrragiongn the pasttbécausetivh d e r u
limited availability of detectorsThese sources, even with modern development, still tend
to be expensive as a result of the technekbeing used being a challenging combination

of those at microwave and visible wavelengtinscomparison to microwaves, higher
imaging resolution is typically obtasd at THz frequencies on medilirsized telescopes

and optical systems. In comparisorvisible wavelengths, millimetre and sutillimetre
wavelengths can penetrate many materials opaque at visible wavelengths. Optical
spectroscopy can provide information on the atomic composition, whérdas
spectroscopy can provide information on the rodl@r concentration as well as the

physical condition of an object (heat, presset® (Dexheimer, 2008: 3).

Analysis software, which relies on geometrical optics and ray tracngast and

traditionally used at shorter wavelengtfifie results of thee methods are not always
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reliable in submillimetre systems, mostly due to diffraction effects. At the longer
wavelengths, full electromagnetic analysis is required and is more reliable, but suffers

from long computation times. This results in multiplegmams being used together.

For submillimetre wavelengths, bolometers are commonly used. A bolometer absorbs
the power of the incoming radiation and is a detector whose resistance is sensitive to
changes in temperature. The absorbing layer itself is maalea semiconductor material
(such asilicon (Downeyet al, 1984)) which is connected to a thermal reservoir through

a weak thermal link. Any photon incident on the detector raises the temperature of the
detector to that above the thermal resenvoakng a detectiorpossible. The sensor itself
functions by recording the Joule heating of the material by using a detector which is either
a resistive thermometer or it directly measures the resistance of the absorber. Normally,
bolometers are operated ay@genic temperatures in order to increase their sensitivity.
An important aspect of any detector technology is the noise equivalent power (NEP)
which is a measure of signal power that a detector can distinguish. Notable examples of
the use of bolometers atetectors used in astronomy includbe High Frequency
Instrument on the Planck satellite. Planck HFI made use of two types of bolometric
detectors, spiderveb bolometers (SWB) and polarisation sensitive bolometers (PSB).
SWB were used on the unpolarisgtannels of the high frequency instrument (HFI) on
Planck, which work by absorbing the radiation on a-ueb surface. The temperature
change is detected by a thermistor located in theeaftthe web (as ifigure 1.14

(lef). The web itself consi s(SsN,)odoates withgadm | a
(Lamarre, 2010). PSBs were used in the polarisation sensitive channels of the HFI, where
a pair of PSBs perpendicular to one another were placed in ty savihat the two

orthogonal polarisations could be detected. The temperature sensors were located at the
upperedge of the PSB (séagurel.14 (right)).
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Figurel.14: Left: Spider-Web bolometer of the 143 GHz horn on Planck with the temperature sensor in
the middleRight: PolarisatiorSensitive bolometer of the 217 GHz channel on Planck with the sensor at

the upper edge (Lamarre, 2010)

More recently, TES devices have been dewvadiop\ transition edge sensor (TES) is made

from a material that exhibits superconducting behaviour. The transition between a
superconducting and normal state can be used as a sensitive measure of temperature. The
material is held at its transition tempena by a biagoltage where a small increase in
temperature causes a large increase in resistance. Transition edge sensors have been
demonstrated to work well idlose packed array formathich will be required for the
SAFARI instrument. The SAFARI detex arrays will contain a total of ~ 3300 TES
bolometers using Ti/Au superconducting bilayansthin, thermally isolated kton

nitride islands. The detectors sit in a free space gap between the feed horns and reflecting
backshorts and incoming radiatianll be absorbed by a 7 nm thick Ta film (Audley

al., 2016).

Kinetic Inductance Detectors (KIDs) function on the basis of splitting a Cooper pair into
two quasiparticles (electrons). The detector material experiences a change in inductance
if a photonis absorbed. This inductance is combined with a capacitor to form a microwave
resonator whose resonant frequency changes with the absorption of photons. KIDs are
being developed for a range of astronomy aapilbns, including mm and suhillimetre

wave cetection. KIDs also need to be kept at cryogenic temperatures. The big advantage
of KIDs is that they can be multiplexed easier than TES detectors, for example, since they
require a single readout line for one array. Lumped element KIDs represent oldepossi
technology which can satisfy the requirements of producing large arrays for sensitive

detectors for astronomy as they are relatively simple to fabricate (Doyle, 2008).
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Receiverdor high resolution spectroscopy in the rend submm band most commonly

use heterodyne receiver configuraBoA heterodyne receiver, which operates under the
principle of taking a high frequency signal and translating it into a lower frequency signal,
making it easier to process than the original carrier frequency.

1.8 Thesis @erview

A brief overview of each chapter will be given here

Chapter2

In chapter twothe details ofthe mode matching techniqder the electromagnetic
analysis of waveguide and horn structugepresented. The mode matdpiechnique

was implemented in the GAMMAGeneralised Absorber Mode Matching Analysis
software, developed ihouse. The software allows one to probe the performance of
various horn and waveguide structures, both cylindrical and rectanilddelling the
presence of an absorber in the waveguide structure is also pres€htedequired
modifications forthe inclusion ofan absorber in the software are also detailed. An
overview of CST a commercial software package based on finite element analysis (an
alterrative to mode matching$ also given in this chapter. CST was ufadsoftware
verification and comparison witlesults produced by GAMMA for electrically small

systems.

Chapter3

Chapter 3 is concerned with beam propagatiomugh optical systems including
telescopes. The Gaussian Beam Mode Analysis of qumisial systems is outlined along

with a more rigorous physical optics approach using the GRASP9 commercial software.

The application of mode matching for the desigm @ mm wave receiver for the 20 m
telescope in Onsala Space Observatory (OS@iscussed inwhich acorrugated horn
was used to feed the detector with high efficiency. The design was carried out using the

in-house mode matching software.

The beam was algpropagated through the front end optics and the 20 m telessioge
GRASP9to produceaccuratdarfield patters on the sky at some spot frequencies across
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the designedband. A tolerance analysis was also carried out fomtaeufacture of the

horn andheresulting impact on theeam on the sky was alswestigated.

Chapter4

In thisChapter we report on the work carried out to investigate cavity effects on the signal
coupling to a bolometer for particular examples whefieige element method approach
would have been very difficultThis is particularly important for application tthe
SAFARI instrument proposed for SPICAs well as predicting the beam pattern more
precisely, we have also investigated the cavity conftgurafor optimizing power
absorption by offsetting the axis of the waveguide feeding the dauisytrapping power

and also by varying the position, size and surface resistance of the absorber in the cavity.
We havealso developed an extension to the GAKMMoftware which allowed an
absorber ofirbitrary shape to be modelled, in particular investigating the case where the

absorber sheet was square and the cavity was cylindrical.

Chapters

In this Chapter we discuss the applicati of some of the innovations made to the
GAMMA waveguide mode matching approach to the 857 GHz and 545 GHz multimode
channels on the Planck HFI instrument, particularly in order to improve on the agreement
between previoug reported predictions withothlaboratory measurements aneflight
measurements. Aore rigorousmodel was considered in the mode matching software
and resulting broadband beams of the horns were compared with laboratory
measurements. The beam was then propddhteugh the telescepand fafield beams

on the sky were obtained and compared with the azimuthally and band averaged beam

derived from observations of planets that appeared in the literature on the Planck results.

Chapter6

In this Chapter we inestigate the effect on the optical efficiency of detectors when a free
space gap is present as will be the case for the proposed SAFAR Ivixethswill use
arrays of detectors manufactured on a single. a\ip have extended the mode matching
approach(GAMMA) to include the case where a free space gap is present in the
waveguide configuration with an open cavity in which an absorbebeplaced.
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Chapter7

In Chapter 7 we draw the overall conclusion from the work in this thesis and consider

future develpments.
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2 Single Mode and MultimadHorn Antennas

2.1 Introduction

In this chapter, we present an introduction to the mode matchamgitgie and its
application in the GAMMA(Generalised Absorber Mode Matching Analyssftware,
developed irhouse by thewthor of this thesis and written in PythdBAMMA is based
onand extended the modelling capability®flindrical SCATTER, which was written in
Mathematica.The Python code was written to speed up the computat@AMMA
allows the performance of variousrh and waveguide structurasd absorberto be
predicted it needs to be noted that CylindricalSCATTER was also able to handle
absorbers, however, there were somegisting issues with the code which were
addressed in GAMMAA waveguide is a structu@er part of a structure) that causes a
wave to propagate in a chosen direction aitteassome measure of confinement in the
planes transverse to the direction of propagation. Waveguides of variousecbesal
shapes exist arid particular rectangar and cylindrical waveguidese used extensively

in millimetre and submillimetre wave detector feed systems. Furthermore, a horn
antenna can be regarded as a kind of flared wavegRetangular waveguide modes
may be used to describe the electrid enagnetic fields over a hoan waveguide with a
rectangular crossection. Similarly, cylindrical waveguide modes may be used to
describe the fields when the structure hasreular crosssection(Ramoet d., 1994:
423).

Usually, ahorn antenna is sai be single mode when the waveguide feeding it only

allows the fundamental mode to propagaitg,( for the case of a cylindrical waveguide
and TE, for the case of a rectangular waveguide) and tiisprovides good @ntrol of

the radiation characteristics of the horif. the waveguide feeding a horn antenna is
oversized then potentially higher order waveguide modes as well as the fundamental
mode are capable of coumy signal power to the detector. The beam pattexn depends

on the relative efficiencies with which the modes couple to the det@dtazh could be

a coherent detector, such as a mixer, or an incoherent detector, such as a bolometer). As

a resultthe beam pattern is thus less predictable. These £fféitbbe seen on the beam
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patterns of the Planck multimotlerns(545 GHz and 857 GHz channel®) be discused

in Chapters. However, the advantagethis casés that more signal power can be coupled
to thedetector, although a disadvantage, of coursenaging applications on telescopes
is that there is necessarilgduced spatial resolutiomssuming the multimode horn
throughput is mateed to the optics coupled to Tthis is because the throughput, egiv

by AW=n/? wherenis the number ahdependentmodes present, is higher than for the

single mode case thus leadito larger beams on the sky (assunufhgoursethe detector

feed horn is well matched to the telescope so the number adgrie not attenuated).
However,generallywhen a multimode waveguide is usiedfeed a horn antenntis

coupled to an incoherent detector. In the case of a coherent detector, such as a mixer, only
one mode can ever effectively be coupled and therefimreally, only a fundamental

mode waveguide would be used.

The beampatterns ofwaveguidehorn fedsystems with standard cross sections can in
theory be modelled usingn efficient mode matchip scattering matrix approacin
which the horn is thought ofsaa series of waveguide sectionsstaihdarccrosssection

and varyingsize This approachcan similarly be applied to corrugateglindrical
waveguide andconical horn structures.The scattering matrix description of the
propagationis based ontracking he scattering between the waveguide nsode
discontinuities in the structure. &h when the sections are cascaded together, the
completewaveguidehorn is recreatedn fact, a smoth walled horn is approximated as

a large series of small steps while aragated waveguide and horn can be regarded as a
large sequence of cascaded smooth walled sections with a finite step in radius between
the corrugation slots and fii®lver et. al., 1994: 106

Waveguides (including horngi fact support two orthogonal md e s et s: otr
ma g n eTM) roadles vithH,=0and o6t r ans VIEyrmedes vthEe=<0t r i ¢ 6

The number of propagating modes depends on the size of theseobss of the
waveguide structures (each mode is sujgababove its cubff frequency) and an infinite
number of evanescent modes can also exist in the guidmly propagate short distances
over which they decay in amplitud®ne of the issues in any numerical analysis is how
many evanescent modes to umbkin the analysis to maintain accuracy but not to slow
computations too muchrhis will be discussed in later chapters of this th@@&amoet.

al., 194: 424).
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In this chapter, we summarize the scattering matrix approach for both cylindrical and
rectangilar structures, and the-hmouse GAMMA software, developed by the author of
this thesis, will be used to modetectangular backo-back horn antenna to produttes
scattering matrices and feeld patterns.

In Section 2.9 of this chapter, we discuss the results obtained from a measurement
campaign which was undertaken in the millimett@ve measurement laboratory in

Maynooth University in order to verify multimode propagation theory.

2.2 Cylindrical Waveguide Modes

In generalwaveguidesand horn antennas circular crosssectioncan propagatd E,

and TM,,, modes (wheren is the azimuthal order anch is the radial order). Each
waveguide mode has a enff frequency associated with it, below whipropagation is

not possiblgRamoet al., 1994: 423 Smooth walledvaveguide sectionareable to
transmit both polarisation orientations of the cylindrical modes (two orthogonal
degenerate fields which exist for each mode of azimuthal nrg@}y, andthus they are
efficient feed for bdometric systems (discussed im#&pterd). In general, by contrast,
rectangular waveguides are often used in a single mode operation with the ratio of the
width to height of the guide adjusted so only a single polarizafiy mode can
propagate and in fact these would typically be used to feed a coherent detector (such as a

mixer).

Figure2.1: Cylindrical coordinate system for circular waveguid@ozar, 2012: 121)

The ceordinate system for cylindrical waveiges is defined as irigure2.1, so that the

crosssection lies in thex-y plane and the radiation propags in thez direction. The
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transverse field components, expressed in cylindricabrdmates for a dielectric
assumed to beriear, homogeneous and isotromian be expressed in terms of the axial
fields E; andH; as(Ramoet. al., 1994 :423)

£ o, & E wmH,o (2.1)
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k?=g® +k®> =k? - b?, (2.5)

where k.is the cutoff wavenumber,g is the propgation constantg= j& for a
propagating wave)p is the waveguide wavenumband the field is assumed to have a

zdependency o& #. Normally we will in fact assume the dieteic is replaced by &e

space so thae = ¢, and m= m.

TM modes

Using the separation of variables techniq®&amo et al, 1994: 423 E, may be

expressed as

(2.6)

DO

acosnf
E = k
z Ahm‘]n( Cr)é%lnnf

wheren is the azimuthal order and is the radial order)J is a Bessel function of the
first kind of ordem and A, is a constant to satisfy the electric field boundary conditions
At z = athe Bessel function]n(kca) = Owhich impliesk.a = p,,, where p, . is them"
zero of the Bessel functiod, (z), i.e., (3,(p,,)=0). Using Eyuationg(2.1) to (2.4), the

transverse component of the electric and magnetic fields for TM mbdesnuthal order

n and radial ordem canthenbe expressed as (Gleeson, 2004: 57)
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where Z,,, is the characteristic waveguide impedance Biemode given by

3 & (2.9
Zoy =2 \/1 e Pm_g

a%a,/ 0 '
In order to model horn antennas, it is convenient tovrie the transverse field

(4] (9]
expressions fof M modes in Cartesiacomponentgi and j) (x andy directions). We
definethe "x-co-polar” field of the degenerate pair of fields of a madé¢he one for which

the electric field lines are polarised in tkalirection along thef =0 direction. By
contrast, for they-co-polar’ fields, the field lines are orthogonal to thexis (havey-

componehonly) in the =0 direction.

In Cartesiarcomponentsthese fields are
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Figure 2.2 to Figure 2.4 show theintensity plotswith the electric field lines (left) and

magnetic field Ines (right) for azimuthal ordar=0,1,2 for both polarisations. For the

case ofn =0 the first wo radial ordersn=12 are shown.
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Figure2.2: Density of electric field linefleft) and magnetic field lines (rightf radial ordersn= 1, 2for

TM modes with azimuthal orde=0
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Figure2.3: Density of eletric field lines(left) and magnetic field lines (rightf a TM11 mode (both

polarisations)
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Figure2.4: Density of electric field lines (left) and magnetic field lines (right) Me: mode (both

polarisations)
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TM modes of azimuthal order> 0 exhibit ap/(2n) symmetry between the orthogonal
(x-co-polar and yco-polan degeneratepairs of modes if. the yco-polar fields

correspond to the-go-polar fields rotated by/ (Zn)).

TE modes
Using the separation of variables techniq®amoet al., 1994: 423 H, may be

expressed as

acosnf 2.14
=B, J. (k1 )& @19

an

I CIIDOz

wheren is the ammuthal order anan is the radial order)J is a Bessel function of the
first kind of ordern and B, is a comstant to satisfy thenagneticfield boundary
conditions At z = a the Bessel derivativelJ, /dz(k.a) =0 which implies k.a = pj,,

where pj, is the m" zero of the derivative of the Bessel functiah, (z) i.e.
(d3,/dz(pin) = 0).

The transverse component of the electric and magnetic fields for TM moaesoithal

ordern and radial ordem can be expressed as (Gleeson, 2004:59)
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where Z,

Z,

y4

¢

TEum - =
1- e Pin g
Fra mea0

is the characteristic waveguide impedance DEanode, given by

Again, reexpressing these fields in terms of Cartesian components,

et = (2' an) 3
) d angd
4p° % - &8 232 (Pim)
? g Illm_g ’
& &, rghcos@-Df g, & rgicosh+df 6o
?”lg Ama% sin(n- )2 "™ "””a+g- sin(n+1)f 29
eTE — (2_ an) 3
’ d 3ang0
4pa* g - 037 (Pim)
= Fh, 0
& &  radsin(n-Df o &  rgasin(h+17 6
é%]”'lgmm gé%os(n 1)f§ ™ magé%os(n+1)f++
hIE — (2' an) 3
& &nod
4zl pa%- 2" § %o
Q g Am + -
a4 & radsin(n- 17 g 8 rgasin(n+1f &
?“‘fm"‘ 9&%03@ 18 Y magé%os©+l)f++
hTE = (2‘ dno) 3
’ d 4ngp0
072
4Z'I?Enmpa2%_ Tg O‘]n(plhm)
g (; m=~
r gacosh- Df ¢ 4  rgacosh+Df g0

a=& sin(n- 178
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acosnf ¢ A "
. fgetc r ef exdcoptod atrhée féi el d

ginn+
entry) andd-copol ar 6 field (Il ower entry).

Similarly, in Equationg2.18) to (2.21)

Figure 2.5 to Figure 2.7 show the density regions with the electric field lines (left) and
magnetic field lines (right) for azimuthal eng n=0,1,2 for both polarisations. For the

case ofn =0 the first wo radial ordersn=12 are shown.

1, L L rra L R . P | SR A | N . T SN . id
-03 -0.2 -0.1 0.0 0.1 0.2 03 -03 -0.2 -0.1 0.0 01 02 03

Figure2.5: Density of electric field linefeft) and magnetic field lines (rightf radial ordersn= 1, 2for

TE modes with azimuthal order0
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Figure2.6: Density of electric field lines (left) and magnetic field lines (right) @ mode (both

polarisations)

L | I 1 L I I PRPU RPN S PP P P PR S
-0.3 -0.2 -0.1 0.0 0.1 0.2 03 -03 -0.2 -0.1 0.0 0.1 0.2 03

Figure2.7: Density of electric field linefleft) and magnetic field lines (rightf a TEz1 mode (both
polarisations)
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TE modes of azimuthal order> 0 exhibit ap/(Zn) symmetry between the orthogonal
(x-co-polar and yco-polar) degeneratepairs of modes if. the yco-polar fields

correspond to the-go-polar fields rotated by/ (Zn)).

2.3 Mode Matching in Cylindrical Waveguides

For hornstructures with simple geometries, thelutions to the waveguide equatiare
simple functions o$phericalvaveswhich can be written as a waveguide mode field with
a spherical phase front whose phase centre is at the apex of th&hismmethod works
well when the ields are stable along the hormowkver, there are two restrictions: (i) it
does not predict the fields at discontinuities alonghibr®, which leads to the excitation
of multiple modest either the waveguide end (throat) or the free spaténeouth) and
can also be applied to waveguides with step discontinudies (i) no information on
the impedance pperties of the horn igiven. Thus the modahatching technique has

been developed in order to overcome these restrictions.

A modalmethal of studying theslectromagnetic propagation in timernal region of a

waveguide structure is tietermine the amplitudes themodes into which the fields can

be decomposed and then propagate the field as a sum of mgdes; § _Ae,, where

e, represents the modal field ard, is known as the mode coefficier@ylindrical

waveguide modesan be used to study the propagation characteristics of horns with
circular crosssections, which maw facthawe either smooth or corrugated internal walls.
The aim is to predict the electromagnetic fields in the laperturereating the horn as

being made up of a sequence of short waveguide sections which approximate .the horn

At a waveguide discontinuityhéinterface between tweegments is known as a junction
whichis where the change in guide inagloccurs. At a junctioffas inFigure2.8), some

of the incident power carried bythe individual modes is scatteradto other forward
propagating modes argbme isalso scattered (reflected) into backward propagating
modes. The reflecteadiode powepropagate backwarda the first guidesegment (LHS

of a junction) while the forwardowerpropagatein the second guide segnt (RHS of

a junction)(Gleesoret al, 2005)
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Right Region: Eg, Hg

Left Region : E, H_

Electric field is zero in this region

Figure2.8: Junction discontinuity wherhe radius changes froato b

@A wheree .. is the

n,left

The power coupling between modes gvenby [, e 2 N igne

transverse electric field on the left hand side of the junctign,,,,

is the magnetic field

on the right hand side of the junction adA is the surface element on the transverse
plane The modes arden popagated through the lengthvadiveguide section to the next
scattering junction where the overlap integral between the modal components is
performed againlhe relationship between the input and output coefficfenthie modes

is described by acattering matrixThese matrices are then cascaded for each section to
obtain an overall scattering matrix for the horn structeoe perfectly aligned waveguide
segments, scattering only occurs between modes of the same azimuthbéoadese of

the crcular symmetry and thus scatterg matrices are computed seataly for each

azimuthal order.

At each junction, we assunp@wer may bencident from the left and the right. Thus
power may bdransmitted from left to right, right to lefteflected from éft to left and
right to right.Figure2.9 shows a schematic of the matrix scatterig assume that the

incident field can be written as a sum of modes of the fegjpFa A,e,or aC, e, and

H,=aAh,oraCh,.

[A] [D]
—_— —_—

E [S] | &

Figure2.9: Schematic of scattering matrix representation
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The mode coefficientéy, Bn, Ch and Dy are organised into column matricds.matrix
form, the scattering of the incident fieldhay then be represented g®©lver et al,
1994:108)

@[B]g: ] dAle (2.22)
dola dcl’
where[A] and [C] are column vectors of adle coefficients of the incident field from the
left and the right, antﬂB] and [D] are the resulting fields travelling to the left in the left
waveguide and to the right in the right waveguidspectively The matrix [S] may be
broken down into sumatrix components[Su], [312] [821] and [822] which describe

the scattering ofhetransmitted and reflected modes at the input@urtgut sides of the

junction, given by

Thus,
[B]=[s.][A+[s.]c], (2.24)
[o]=[s.JAl+[s..]c]. (2.25)

Assuming no reflection at the horn aperture, the column m@]xis set to zero,

however,[C] is nonzero for anyotherwaveguide section.

Thesame number of modéN/23 TEmodes and\/23 TM modes)on either side of the
junctionare includedso that the[S] matrix consists oRN3 2N elements, with each of
the submatrices[su], [Slz] [821] and [522] consisting ofN3 N elementslt is actually

not necessary that there be the same number of modes on either side of the junction, but

it was the arrangement chosen for the tguaent of the GAMMA software code.

If the horn is fed by a singl®odewaveguide, only thd E ; mode exists within theput

guide and the input amplitude coefficient matifik]) may be represented as a column

matrix with one norzero atry corresponding to the excited mode

37



Chapter 2:Single Mode and Multim@Horn Antennas

elo

énu

e

[A] = éon. (2.26)

é u

e-u

R
The number of elements [M\] represents the number of medacludedj.e.the column
matrix containsN elements The first row of [A] represents thd'E; mode and the
(N+1)™ row represents th@M,, mode. This is clearly an approximation as strictly

speakimg an infinite number of modes should be used. The actual number of modes used

has to be carefully determined to minimize any error resulting.

Consider a step discontinuity, where the diameter of the waveguide increasestérom
b. As the diameter of a waguide section changes, the number of propagating modes
also changes, as each mode has its owroftutrequency and associated guide
wavelength However, it is also important to include a su#fitt number of evanescent
modes.The transverse components thfe electric and magnetic fields at the junction
discontinuity are given by

E, = g {Ah el 4B ejbnz} e, (2.27)

n=1

N _ . 2.28
HL:a{Aqe_anz' Bnejbnz}hm_, ( )

n=1

N , , 2.29
ER — a {Dn e ibyz + Cn ernz} enR , ( )

n=1

n=1
wheren denotes the mode numbot the azimuthal order in this cas®) denotes the
total number of modegg 5 Q and | 7 Q denote the transverse fields to the
left or right of a junction for the” modewith the positive phase term corresponding to
the modes propagating to the |t andB;, are the forward and reflectedefficients of
the """ mode on the left side of the junctiod®imilarly, Cn and Dn are the forward and

reflectedcoefficients of the™ mode on the rightide of the junction
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Without loss of generalityve can place thginction atd 1. The transverse electric and

magnetic fields must be continuous at the junction, so that thesmm satisfy

A(A+B)e, =4 (D,+C,)en (230

n=1 n=1

(A-B)h =& (D -C)h.. (2.32)

n=1 n=1

This implies that

N

N
é. (A”I +Bn) @eﬂL3 h:nRCMS:a (Dn +Cn) @enR:a h:ﬂR(mS

n=1 n=1

(2.33)

whereS_refers to the crossectional area on the left sidéthe junction (as irFigure
2.10).

The orthogonality relation (witlS pointing in the zdirection) for modesvheren, m

. 2 h,, @S=0 (2.34)

S

far® N @S =0 (2.39)
S

The integral ovelS, on LHS (seeFigure2.10) may be transformed into an integral over

Sy Where this is for the case of stepping into a waveguide with largeisréait a).

Thus since,

4 (D, +C,) =0 (239

n=1

at the conducting wallS, (where S, =S;- S,), in order to satisfy the boundary

condition that theransverse electric field in the larger waveguide outside the common

free space ragn between the guides is zethis implies

a (Dn +Cn)~Q enR3 h;iR dS:E':'l (Dn "'Cn)l"jjR enR3 h;iR das. (2'37)
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Right Region: Eg, Hg

Left Region : E,, H_

St Sw Sk

Figure2.10: Fields at a junction between two horn sections

Equation(2.33) may then be rexpresse@ds

N N 2.38
a(a+8)P,=4(0,+C)Q,, (239
or, in matrix form
[PI{[A]+[B]]=[q][[c]+[D]]. (2.39)
where
I:)n‘n = FPnL3 hn'R Cds! (240)
Y
and
& .. .0 (2.41)
Qun = Ffor? N AT,
CSk =

The [P] matrix contains the power coupled between modes on the LHS to modes on the

RHS of the discontinuity and thEQ] matrix represents the salbupling power between

modes on RHS of the discontinuity.
Similarly, we obtain a reult for the continuity of the magnetic fields at a junction

NN (2.42)
a(ph_ Bn)rianiL3 hnLCMS:a(Dn_ Cn)rPniL3 hnRCMS
n=1 s n=1 S

which may bealsoexpressed as

40



Chapter 2:Single Mode and Multim@Horn Antennas

a(a-B)R,=4(0;-c))P,. 243
=1 1
or, in matrix formtaking the complex conjugate on both sides
[R[ [[A]- [8]]=[P]"[[D]- [c]], (2.44)
where
(2.45)

a . .0
Rnni :?‘?niL 3 hnL Cmsgalnin )
¢S *

The [R] matrix represents the salbupling power between modes tive LHS of the
junction.The crosscoupling integraI[P] andthe selfcoupling integrals[Q] and[R] are

evaluated using the suriamtegral relation

v . 2pa . . (2.46)
762 h, @iS= FE H; - EH!)rdrdf
S 00
e3 h" has the form of a Poynting vector giving the magnitude and direction of energy

flow density at any point in the waveguidehe sel-coupling integrals areeal for

propagating modes and imaginary for evanescent modes.

The scattering matrices at a junction can be derived &sjogtiony2.23), (2.24), (2.35)
and(2.40) and are given by (Olver 1994: 112):

[s.]={[R ]+ [PI'lI*IP] [RI- [P [l [P (2.47)
[s.]=2[[r ]+ [Pl QI P} [P 249
s.J=2[[Ql+PIR TP | TP 249

5. =- [[Q+[PIR IPI |1l [PIR T [P (250

Between the junctions whege step in the radius occurhe fields clearly propagate
through uniform wagguide sectiondAlthough no scattering occurs withithe uniform
waveguide section, neverthelesise modes do suffer a phase delay. ®@eattering

matrices for these sections #nes diagonal and of the form

[s.]=[s,.]=[0]. 2.51)
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[S.]=[s]= V], (252

where [V] is a diagonal matrix containing the propagation terms
V]= [e- anLJ, (2.53)

where b, is the waveguide wavenumber (real for propagating modes and imaginary for

evanescent modes) ahds the length of the waveguide section (the first seatiothe

structure in this cas€Plver, 1994: 110,115Fach propagation term is given by

v, =t g (2.54)

nin *

By cascading the scattering matrix fbecurrent discontinuity being considerath the
scattering matrix for thBornand waveguidep this current junction (step discontinuity)
in an iterative process, the complete scattering matrix for theamokrwaveguide feeas

a whole is obtainedhis is illustrated schematically Figure2.11.

Equivalent Section

[D] [A] [D]
H w1l =2 | @
4(— - - -
[C] [B] [C]
[Sa [Sb] [Sc]

Figure2.11: Schematic for cascading matrices for two consecutive sections

Thus, consider two consecutive waveguide sections witattedng matrices[Sa],

followed by [Sbj , Which give the following cascaded mat(@lveret.al, 1994 : 109)

[ ] g 1 ? (2.55)

The cascaded matrix elemeatg given byQlveret al., 1994: 109
-l s sl ] ess
[se]=[se][10- [snllsz]] [sel. (250
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[ssl=[s2lD]- [ssllsel] s (2.59)

[se.)=[se]l1]- [se]lsnll [sallst)+ [z, (259

where the indexa refers to the scattering matrix for the horn up to the current junction

andb refers to the scattering matrix for the currgmiction

A smooth waled horn can be regarded as a large series of steps which approximate a
tapered waveguide profile. Corrugated horns are regarded as a large series of short
waveguide sections corresponding to the corrugation slots andiver gt al, 1994

106).

The muual power coupling integral3; between the left and right hand wavegsidee
given in (Olver, 1994: 114and (Gleeson, 2004: 1B34s

ap, ao (2.60)
&——0,

P —_ (1+ dno)p c:nl (a)CnIi(b)a épn“ g .
T™,nli-TM,nl — b

- 1+d D aD b <} i as (261)
Frenirent = s o) 2, (o) nl|(~2) p.in;Jn(prin)inEZle 8

20 . ~ O . . ~ b +'
2, o Sy
"'g - =

D (a)C,.lb 2ADi.ad (262)
Preni- v :,0 nzl(zbz ”"( )J”(pn“)‘]riz T 8'

T™nli

P ten = 0, (2.63)

wherea andb referto the left hand (smaller) and right hand (larger) waveguidisshe
azimuthal orderl is the radial order associated with the waveguide of radargd! &

the radial order associated with the waveguide of radidshe C, andDn terms are
defined as

(2.64)

Cnl(a) — J(z' dno) ZTaM,n,l

paZ ‘]r?+l(pnl) ’
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D (a) :\/ (2' dno) Z'?E,n,l
" Va1 (n/pi))3a ()

and the characteristic waveguide impedarnggsand Zrv for TE and TM modes are

defined as (withz, =,/ 7/ €) in Equationg(2.9) and(2.17).

(2.65)

2.4 Mode Matching in Cylindrical Waveguides when Absorber is

Included

This mode matching approach can be extended to madedgiide cavitiescontaining
resistive sheet absorbdiseeFigure2.12). The absorber at a particular location within

the structurecan be approximateals a 2dimensional resistiveurrentsheetif it is not

thick compared to the walength in free space. Furthermore, we assume that the electric
field remains constant across the sheet while the magnetic field must change because of
the current flowing in the sheet (Amperes La@y)iffiths, 1999: 332 Thus considering

the input (leftside) and output (right side) faces of the absofbee Figure 2.12),
applying the usual boundary conditions at an interface (Griffiths, 1999 tl832)ectric

and magnetic fields must satisfyA A andé & & "Qwhere theinduced

surface currenk, (driven by the electric field) is given b  AZY A TY andQ

IS a unit vector in the direction of propagati@. R, is the surface resistam®f the

absorber and it is defined in units of Ohms per squgfe)(

Backshort

Absorbing sheet

Figure2.12: Waveguidefed sealed cavity containing a circular absorber sheet
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Consider the case of an absorber in a waveguide cavily the exit port closed.
Positioning the absorber a =0 the electric and magnetic fields are giverHoyations
(2.27) to (2.30) as before.

Since for the electric fields on both sigleof the absorbeE, =E; over the whole
waveguide diameter (including the absorber) this implies that (g€ncee, ; =€, and
h.,, =h_;=h_ as there is no step in the waveguide, so the waveguide modes on either

side of tke absorber are the same) and following a similar approach to that used for

deriving the P, elements of théP] matrix (Equation(2.33)) we obtain:

N N (2.66)
a {A’I + Bn} Rmn = a {Cn + Dn}Qnin
n=1 n=1
while¢ & & "Qmplies
a{A -B1Q, =
" (2.67)

?;.1{ Dn - Cn} Qnm a {Ah } ~ 3 %3 lgglg’drdf

Note that the absorber is allowed to have an arbitrary shape and even a varying surface

resistance by introducinB(r, ) and such that where there is no absofRgr,f) =o.

Then, clearly since [Rmi]:[Qmi] (no step) this implies that

N
a{Aa +8B,}Q,. =a{c, +D,}Q,, which we can write in matrix notation as:
n=1 n=1

[Q][A]+[q][B] = [Q][c] +[l[D] (2.69)
Similarly letting T,, =- fjf} e %?s lﬁg draf = 37§ ;S(* ‘i) rdrdf, we

N N
have that: § {A, - B.}JQ. *=a{D,- C.}JQu*+ a{A1 +B,}T,,* which can be

n=1 n=1 n=1

written in matrix form as:
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[Q]'[Al- [Q] [B] =[] [D]- [Q] [c]+[T][A] +[T][E] (269

This allows us to solve fo[B] and [D] for given input [A] and [B] (incident field

amplitude vectors). Sinc@] always has an inversthis impliesthat:

[A]+[B]=[c]+[D], (2.70)

and
[Al- [B]=[0]- [c]+[Q " [rIAl+ [ ] *[r]l&] @71
This yields after somamatrix manipulatiorandsimple algebrathat:

Bl=lle T +2m] o Ticl- [T +21] sl 272
ol=[ T 2] R TA- [l T +2] skrc] @73

The relationships derivecabove allow for the derivation of the required scattering
matrices for the case when the absorberrigghlg, or completely, filling the surrounding
waveguide or cavity crossection.The power carried by the modes making up the
propagating fields may be either reflected or transmitted at a discontaiuitye two
surfaces of arabsorber, thus giving ®esto the usual four scattering matricdhe

appropriate scattering matrices for an absorber in a waveguitteeaséore

[s.]=[s.]=- [l ]+ [T]] 4[] (274

[s.]=[sd=[Q ]+ @] (279)

where[S,,].[S,)[S..] and[S,,] represent the usual scattering matrices at a discontinuity
Because of the symmetry of the problestearly [321]:[512] and [Szz]:[S“] These

matrices can then be cascaded with the scattering matrices for the rest of the structure in

the usual manner for waveguides to determine the overall behaviour of the structure.
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In cylindrical polar coordinates for the case where the absorber has a coaxishale

of radiusR, and uniform surface resistanBe it is possible to derive analytical forms for

the [T] matrix. These will have very similar forms to the coupling integrals for the power

coupling integrals betvesn modes in cylindrical waveguide with a step discontinuity.

2.5 Mode Coupling at a Circular Absorber in a Circularly Symmetric
System

For a uniform concentric absorber of radR)sT, . is given by

20 (e,*e,) Sdrdf _1 (2.76)

'R (r.7) R

In this sectionn represents the azimuthal order arahdj represent the radial order of

0

(e, * e,) Qdrdf

P
L

a
T””i - rrlo olrko

modeson LHS and RHS of the absorl{ee. nin theprevious section is now replaced by

ni andnj).

For the case where bothandg areTM modes of the same azimuthal ordeand also

both modes have the same polarisation dependen¢e thren(usingEquation(2.7)) it

can be written as

Tn,ij (TM - TM) = ani * anj (1+ dno)p

RE 8 rg.a ro. nd(p .r/a)an(pnjr/a)ﬂ 2.77)
J o o n ni I, d ’ B
n—-o% Agpm agJA?)n] a2+ pnir/a pnjr/a t,/f r
where
" a2|‘]n+l(pnix ‘]n+1(pnjx (278)

Then using the Bessel function relationshigsch statethat 23i(z) = J, ,(2)- J,..(2)
and also thaenJ (z)/z=J,,(z)+ J,.,(z) we canthenwrite for the term in the integral

that:

(2.79)
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Also asa, b we have that:

Y. (223, (b2) zdz= az_zbz {o a3 (b2) @3...(023 (a2} a. b *89

and this in turn implies that

A3n1(22)3,.1(b2) + 3,.4(a2)3,., (b2} 2dlz=

(2.8
2 -Zb2 {a\]n(az)J'n (bz)- an(bz)J'n (az)} a,b
while for the case whei@= b the appropriate integral is:
2 2.82
(e zdz=2 {3, (e - 3,093, (e2} a=b. =52
This then implies
I’;i‘]nﬂ(az)2 + ‘]n-l(a'z)z}2 ZdZ: (2 83)
) :
002 + 3,68 - 3,0629,..(09- 3,(623,.. (a2
Thus for theTjj matrix elements where both modes &k
- _2Raa,* a,
T™TM; —
Rs (2.84)
a o R ~ o R ~ o R ~ o R ~
%ni‘]n%pni 78]A%pn] 78_ pnj‘]ri%)ni 78‘]n%pnj 7%
3 Q g a-=- (;; a-+- (; a-=- (; a-=—= for | J
Pr - prfj ’

and for the case wheie= j we obtain:

RZZ

ni 3

2R

T

™T™, —

_(2.85)
' o o it ~ ° ~~0
%‘J 2 ni QU , +|‘]n+1%)m RO:J - ‘]n%)nchq,an—Z 'BO & Bwo
2 y o1 c lay g ad

Following the sara procedure fof E modes we get

_ r qacos nfQ u
en,i,TE =C

enJ, (q,r/a)é sinnf Og, 58
éE a= sin nfy U (2.86)

"€ pirla | cosnfy "g@*
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where

[a J.(Piy) ‘1 pi, /ak,) “( (n/ pi,)? H v (2.87)

andconsequently

Tij (TE- TB=c¢c,* Cy (L+d,)p

Rend (pir/a)nd.(pir/a) . a rg o, (2.89)
Mol "+ 3~ 03 S ordr
o pir/a pir/a c 2 g =

which has a very similar form ags the castr both modes being TM.
Thereforewe can write down the appropriate termsT&modes

2Rac..c

ni~nj 5

R (2.89)

R0

a

fori, |
Pit - Pif

TTETE =

a .4 Rg & RG a4 . Rg. &
J n.—o.]n .ii _ J .iian
éﬁ% Agﬂj g SEPA 20 P rlngA 22 233;#1

-'|'-'c88’

and fori =j:

o R 2 = o R a2 o o o R (2 90)
a. Ry €. a R a a (11
%‘]nlaun_q;l +|,‘]n+1a)|hi_q;| -J a) _(p‘Jn 2a)|h|_o+‘]n+2@|ln 0

o ¢ gy i ¢ ay ¢ asi ¢ ¢

For the case where one mode is TE and the other TM we obtain:

T,(TM- TE)=a,* c,1+a,)p

R¢ rgnd.a,r/a) nJd (p,r/a), A rdtl
RE Agaj‘_g ( j ) (p ) ‘3@1 “&ird
°%f ¢ ax (q,r/a p.r/a c a—g,

(2.91)

Tij (TE- TM)=¢, *anj L+a,)p

) . (2.92)
RegnJ (0,r/a) ., & rg. .4 r gnd, (pyr /2

rlol JAFﬂOnj_Q""]AE@m_O,
opgr/a c a= ¢ a+ pyr/a §
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These integrals are of the forrﬁ@Jg (az) 3,02 + Jn(a2) Ji (bz)g zdz= 1 J.(az)J, (b2)
| bz az y ab

which immediately gives:

a_ Rd, a . Ro
Jna)niio‘]na)lin'io
T = 2na‘a,, Crj, ¢ a+ ¢ "a+ (2.93)
o RS pniplij
a_. Rg, a_ RO
T o2naientay, TngPh o PP 0 (2.94)
T Ry Pi; Py '

Theanalytical expressions between mode coupling at the absorber will be used in chapter
4 for software verification, in chapt&when modelling the Planck HFI multimode 545

and 857 GHz channels, amdchapter6 when analysing absoers placed in free space
gaps.

2.6 Rectangular Waveguide Modes

In this section we consider how to apply the mode matching technique to rectangular
horns and waveguides. Square horns in partieuntabeing proposed for terahertz systems
such as SAFARIThe rectangularwaveguides can propagald&mn and TMmn modes
(wheremandn are the mode numbease associated with the variations in the fialthe

x andy directionsrespectively. Each waveguiel mode has a culff frequency associated

with it, below which propagation is not possildf@r the case of a rectangular waveguide

of width a and heighb, the cutoffvavenumbefor both TE andTM modes isgiven by
Equation(2.95) below

¢ -ipg. doog 299
Qa - C -

The origin of the axes is definedkigure2.13 below
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b/2 Ay

\ B3

-a/2 a/2

Figure2.13: Axes origin

Assuming fields of the formf(x,y)¢@xp(- i bk, +iwt) the transverse fields can be
derived from the components as follow®alanis, 2012: 353, 361)

. - 2.96
E=-_ L1 %bkofxujwnwzg (299

(2.97)

by
1 & . . o) (298
By = s ® jk, o+ JW”&B

(2.99)

Note thath  iimsensidnlessand k, =k, &6 (wavenumber in thei direction).

TM Modes

We now apply these equations to rectangular waveguaiddes in a rectangular
waveguide Theyhave the form for TM modesi¢ = 0) in orderto satisfy the boundary
conditiors on the perfectly conducting wa{ldepending on whethenis even or odd and

whethem is even or odd):
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H, = S LR UL M8cosz"§‘en—’0y —p8 (2.100
b b b m +a n a 2 - b 2 =
Z, ¢ G
—.= 2ab2 2cos"flaeer mpgslnae—py r]’00(210])
zo|b|abm+an ¢ a 2 + ¢b 2 =
pi |Zo dm”  n° g mpg .. anp npg
=2~ =i smae—x osmae— -—0
o B il e o B By 18
(2.102)
Ex=Z,bH, and E,=-Z, b6 H,.
Expanding the terms in 2.10102we obtain
H ab 3
Tz |bb b? m? +a” n?
gsingenmxgcosgg—pyg -S|ngenmxosnae—npy88 (2103
@ ga + ¢bs Tga b i
& am 5 5 . an ~
aéfosae—pxocosae—pyS - ot yBsindl P &0
¢ ¢ a C + ca + ¢b "+
__ 2 m ab
|z,|p| & \b*m’*+a’n?
® ¢a = f;b g a = qb 25
& ~ o ~
aeSlnae—pxgslngermyg Slnae—pxgcos;;e—py%
C ca + ¢b "+ c a c b
2 2,2 2,2 X
E, =2 | é%m ML ab 3
P K, |b| C a’ b? A/b*’m?+a’n?
BindnP BndnP 8 GndMP ,8.,EnP 88 (2109
aega;9b+ga79b_o
oo\ Bsind' P 8 coeMP XOcosae—anpyOO
¢c ¢a = ¢b’+ ¢a + ¢b

and as beforeE, =- Z, b H,, E, =Z, b H, andthe terms in the brackets (#.103
i (2.109 are arranged in the following manner
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aeverfm) - everfn) everfm) - odd(n)d (2.1006
Fodd(m) - everfr)  odd(m) - odd(r) ¥

o

E. and H, :a

y

ab

with H, %
0

brackets in each equation represent the 4 possibilities for the fields mlzrén are

b

0

EX. Thus, the 4 terms in th&® 2 matrix in

|- ODOZ
I ODOZ

either even or odd. For example, theomponent of the magnetic field of thssmode

: . 2 8 ab abp o asp :
is given by H, =- — 0Se— xocosae— . The fidd
k Y [Z,|b| b\ 25b° + 642’ SC ca = cb yi'“u

distribution of some rectangular waveguidd modes is given ifrigure2.14 below.

0000

Figure2.14: Electric field of TM21 (left),TM11 (middle) al TM31 (right) rectangular aveguide
modes produced by CST

TE Modes

In order to satisfy the boundary conditions on the perfectly conducting wallEEBhe

modes in a rectangular waveguide have the form

/Z / mpo np. np
osae—x -~ smae— =
b? m? +a2n2 2 cb ¥ 2

- smgeer mpgcosgen_py np8 (2.108
b2m? +a?n? ¢ a 2 + ¢ b 2 =

|- OO

(2.107)

and H, = § E,,H, = gEX and since divH = 0, we can derivéd; as

amp ab (2109
1. ka O|b| 2 b2m2+azn2

m an npo
cosae—x ’Ugcosae—py neg

¢ a 2 + ¢b 2 =
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Expanding the terms ikquations(2.107) to(2.109 we obtain (again depending on
whethemis even or odd andhethem is even or odd)

ab
\f | b \/bzm +a2n2

aeosae_ xQsind2 mp & &np 68 (2110

anp Y8 - COSae— XOCOSBE— yoo
@ ¢a =+ ¢ b 2 ca + ¢ b "+p
a@nS‘eMxosm%‘e% y8 - smae—px cosae—py 8
¢ ¢a = ¢b ¢a =+ ¢b
ab
a\|b’m?+a’n® +a2n2
% Slnae—xocosae—p y8 - sing? x&sing P y88, (2119
® ¢ a g b "+ g a + ¢b "+p
& 3 6 9 50
secosse 2 xchSae—p y8 cosge—p xBsingaL? vo 5
c (o a =+ C b "+ (; - C b "+=
2 1 am’p® n’p*Q ab s
©opike\Zolb| & @° b*> 2\ b’m*+a’n?
geosae—pxocosae—p v8 coe? yBsinal £ 88, (2112
® (; TG b "+ G a + ¢b =0
éln&m—p x8 cosdl P yo sinan” &g P y88
¢ ¢ca ¢b "+ ¢a + ¢b s

where the terms in the bracketdguationg2.110 to (2.112 arearranged as ikquation

(2.106) and H, =- %g E, and H, = %Zﬁg E,. The field distribution of some
¢To~ ¢oo~
rectangular waveguideE modes is given ifrigure2.15 below.

Figure2.15: Electric field of TE11 (left),TE10 (middle) and TE31 (right) rectangulaaweguide modes
produced by CST
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2.7 Mode Matching in Rectangular Waveguides

In this section, we discuss the signifitagifferences between mode matching in
cylindrical waveguides and mode matching in rectangular waveguides, since the
underlying physics in both cases is similar. While Bessel functions are used to describe
the basis set for cylindrical modes, in the regtdar case it is thein andcosfunctions

that represent the basis set for rectangular modes.

The solutions to the modal cressupling integral,[P], at a symmetric junmin are

outlinedin Equationg2.113) to (2.116 below, wherenandn refer to the mode numbers
on the LHS of the junction aralandb refer to the dimensions of the step on the LHS of
the junction. Similarlynd nd, ad andbd refer to the mode numbers and dimens of
the RHS of the junctions inFigure2.16

ad

Right Region: Eg, Hy

N

bd

Left Region @ E_, H_

Figure2.16: Rectangular waveguide junction

bd* 3 16 mdnd
Pre.ste = lebd D \/(1+d 0)\/(l+
ab 3\/ m’b® +n’a® | ad? . bd? .
adbd \md’bd? +nd?ad® md?a®- m*ad® nd?b?- n’bd?
- 2 gindMdP 88 ANA P DG gy vz g, AMAP B And p DG
® ¢cad 2+ ¢ bd 2+ ¢ ad 2+ gbd 29
2 1)(m+n+1)/zcosamdp aOSi and p bO (- P2 COSamdp aO 0S ndpggg
C gad2— gbdZ— (;adZ— (;bd2—
(2113
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__bd 16mn [adbd \/mdzbdz +nd?ad?
TM->TM |b||bd| p2 ab m2b2 + n2a2

a’ b?
md’a® - m’ad® nd’b® - n’bd?

3

ge(- 7)(mn/2 sin%nm—pggsingﬂgg (- 7)mHn/2 sin%‘em—p§8cosge”d—p988
® ¢ ad 2+ ¢ bd 2+ ¢ ad 2+ ¢ bd 2+p
2_ 1)(m+n+1)/2 Cos%rnd—pggsin?énd—pgg (_ 1)(m+n+2)/2 Cos%rnd—pE8COS&pM906
C ¢ ad 2+ ¢ bd 2+ ¢ ad 2+ ¢ bd 2+

(2.119

1 16

P -> = 3 < < 3
I elled) p?J@+d,)@+d,)

\/ ab \/ ad bd . (n*a’md’bd® - m’b*nd*ad’) |

m’b® +n’a®> \ md’bd® +nd*ad® (md*a®- m*ad?)(nd*b” - n*bd?)
a mm2 .amdpad . Andp b w2 ..amdpadg  andp bpd
- 1)(™N/2 ginge— Z§singe——— -2 ginge—~ ~5cosie———00
= Ead 227"%Fpg 22 D Tad 22 ebd 225

amdpag Aand pbg

®
- amdp a@g . 4nd p bd -

_q)mniz o GMAP 8B NA L DG gymen-212 o GMAP 88, 1A P DG

;2) = ad 22Ty 28 P Tad 29 ebd 229

(2.115

Prv->te =0 (2116

where the terms in the brackeit® aranged as beforén(Equation(2.106)).

For the case of @Mmnmode, the mode nuper coefficients cannot be zerocowever, for
the case of &Emn, it is possible for one of the coefficienitsbe zero. Thus, for example
if a TEon mode on the LHS of a junction scatters intd Engmode on the RHS of a
junction, thenEquation(2.113 becomes indeterminate. Thus, for the case whemthe

andmdmode numbers are both pere obtain the following expression

p -4, td* [ab ,  nbd® (2117)
T8 p |b]|6d] Vadbd nd*b?- n’bd?

G- D" singd P PG qyre o BNd P DEO

= ¢ bd 2+ G bd 2:3

& 0 0 9

¢
where the terms in the bracketsEafuation(2.117) are arrangeds inEquation(2.106).
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Similarly, if aTEm mode on the LHS of a junction scatters inftEao mode on the RHS

of a junction, therequation(2.113) becomes indeterminate. Thus, for the case when the

nandnd numbers are both zero we obtain thikofeing expression

_4 bd* ab mad?
p 6| td| \adbd md?a? - m?ad?

TE->TE —

3

dmdnag o8

¢ ad 2+ o)

3 0 0

o 1)(m+1)’20053e—amdp 28 og
C ad 2=+ -

¢

a .
a&(-1)™?sin
2

(2.118

where tle terms in the brackets Bfjuation(2.118) arearranged as befoi@ Equation

(2.106).

The power couplingnatrix [P] is arranged as displayedhrigure2.17 below. The matrix

is divided into four quadrants, which represent coupling fidato TE and TM modes

and fromTM to TM and TE modes. Modal sctering is only possible for certain

combinations of modelsecause of the symmetryhich are highlighted ifrigure2.17

below (blue squares represent possible scattering combinatiohg fofTE modes, red

repreentTM to TM power coupling and green repres@&gito TM power coupling).

Input Mode

TEmn

TMmn

10

20 0l 11 21 02 22

21 12

22

TEmn

Output Mode

TMmn

Figure2.17: Example of theelements of theower coupling matrix[P], for rectangular geome#s. The

maximum mode order herg 2
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When applying mode matching for the cylindrical case it was observed that only modes
with the same azimuthal order could couple to one another, provided the symmetry was
not broken. In the cylindrical case, the scattering matrices were separated for every
azimuthal order in order to avoid unnecessary computations and to only evaluate the
coupling integral for modes of the same order. In the rectangular case, modal scattering
is possible between different mode orders. It is thecessaryo havejust one large
scattering matrix representing the scattering betvaélari the different mode orders (the
same applies to the cressupling and seltoupling matrices). In terms of deriving the
scattering matrix for rectangular geometries, the same set of equatos used for both

the cylindrical and rectangular geometriEguationg2.47) to (2.50)), keeping all of the

mode orders together in the rectangular cBgpire2.18 below shows the arrangement

of eachscatteringsulmatrix ([SM], [Slz] [821] and [522]) for a rectangular geometry
where modes up to order 2 are being considered. The matriwited into four
quadrants, which represent coupling frdBto TE andTM modes and fronTM to TM
and TE modesas for the[P] matrix. Modal scatteringn this casas only possible for
certain combinations of modes, which are highlighteeigure2.18 below (blue squares
represent possible scattering combinationslteto TE modes, red represefiM to TM
modal scattering, green represé€itto TM modal scattering and yellow represéi to
TE modal scattering.)Notethatin this case there are entries for i to TE modes as
is clear fromEquationg(2.47) to (2.50).
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Input Mode
TEmn Tan
10 [20 [or [11 [21 [o2 22 |1 21 [i1z2 [22
Q c
£
S w
s| F
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4
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@]
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=
—

Figure2.18: Example of a®attering matrix for rectangular geometries.

In summary, the mode matching approach for obtaining an overall scattering matrix for
both cylindrical and rectegular matrices is very similar.dwever, in the cylindrical case,

the final scattering matricesrtédeseparated for the different azimuthal orders. There is
only one resultindarge scattering matrix for a rectangular structure due to the fact that
thedifferentorderscan scatter into each oth@hen working out the scattering matrices

at an individal junction.

2.8 Other Electromagnetic Analysis Techniques

As well as the mode matching approacther electromagnetic analysis techniques are
available, particularly those based on finite element analySi$.(Computer Simulation
Technology)(cst.com, 201yMicrowave Studipfor examplejs a commercial software

for Electromagnetic simulation of high frequency components which enables analysis of
high frequency devices by calculating scattering parameters, electromagnetic field
distributions, radiation patns and other relevant parametédsher FEM packages
include forexample HFSS and COMSOL, which use a sim#éipproachCST was the

software package used throughout this thesis and thus will be described in detail.
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CST is a computer aided design (CARskbd program which utilises finite integration
techniquegFIT) to probe the performance of the structure (for example a horn antenna)
being considered. Once the structure has been constructed in CST using the available
CAD tools, it is then divided intoeams h cel |l s where the inte
equations is solved for each individual mesh geométrgrder to solve the equations
numerically, a calculation domain needs to be defined and a mesh is implemented to
divide this domain into grid celldJsng t he &éMesh Viewd opt i
visualised in CST. Internally, a second mesh is set up orthogmtia¢ first one (as in
Figure2199) and t he spatial discretisation of

orthogonal grid systems.

Calculation Domain Grid Dual Grid Element

-
U o
\d ¢ ®
* [ ]
>z o
",- LLLELLLLE) : -
- » [
. -
P = -
P []
- -
[
. []
\
3 *'
n .
' AN
[ -
\ ..
0
'
'
"

Grid Element

Figure2.19: The CST mesh system

As well as being applied to orthogonal hexahedral grids, FIT can also be used with
tetrahedral grids.

Solver Types

Thefinite elementapproach is implemeéed bymeans of three separate solvers available
in CST: frequency domaintime domain andigenmode solvers. The choice of solver
usedis determined by the type of structure being considered. For the applications

considered in this thesis only the freqogromain and time domain solvers were used.

The frequency domain solver can be used together with both greldypdable for mesh
generation:hexahedral and tetrahedral, depending on what kind of structure is being
considered. This solver is ideallyitad for narrow band applications since every
frequency considered requires a separate iteration. This solver does not compute fields,
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but it is fast compared to other solvers as it is equipped with specialised modules for fast

S-parameter calculations.

The ti me domain solver allows for the si mi
parameters and beam patterns) over a wide frequency band, where all frequencies
considered are calculated in one computation. This solver type is compatible with the
hexahedral grid mesh only. One limitation of this solver type is encountered when dealing
with highly resonant structures (for example cavities), where the initial excitation may
result in instabilities in the system, thus producing unphysical results.w@gpeto
overcome this would be to increase the time interval over which the structure is being
examined. Hbwever, this is computationallyntensive and will result in lengthy

calculation timegeven for electrically small structures.

Materials and Resisé\Sheets

The two basic materials provided by CST arerfect electric conductors (PECa)d
vacuums. CST also contains an extensive library of properties for various metals and
dielectrics. Some of the more complex material types include conducting satessy

metals as well as coated and thermally dependent materials. The work presented in this

thesis made use of PECs, vacuums and resistive sheet models.

When defining a resistive sheet in CST, t
model,mad (ii) the O0Tabul ated Surface | mpeda
thesis, the Ohmic Sheet model was uddte ohmic sheets have the property that the

electric field on both sides is the same. The resistance and reactance was specified by the
user at a reference frequency, thus when using the frequency domain solver, the resistance

and reactance remained constant across the investigated band.

CST for multimode structures

Throughout this thesis, CST will be used as a verification tool forrégigtions made
by the inrhouse mode matching software. The reflection and transmission characteristics
were compared for waveguide and cavity structures, which are electrically small. CST
was not applied to model the characteristics of a horn antenrta thiee computational

intensity of a calculation fomeelectrically largestructure. As an example, the Planck 857
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GHz receiver pi x(@shwillbegescrided i@hamers), andsinae €Tt h

is designed to deal i much smaller structureg would not be feasible taccurately
model a structure of this large geometrical design in CST. Thus, CST was applied to
electrically small (in terms of wavelength) structures, such as anfesed waveguide

fed cavity.

When amlyzing a multimode structure in CST, all of the modes need to be defined at the
excitation port. Consider the exampdhown in Figure 2.20, where a multimode

waveguide is housing an absorber.

<
2 v E

EEE it

Figure2.21: TE11 Copolar and TE11 Orthog@l mode at the excitation port

There exists polarization orieitan angledifference ofp/2 radians between th€E
co-polar andTE,, orthogonal mode. In the mode matching software these modes are
assumed to be aligned with tké axis andy i axis whereas in ClSthey are aangles of

° p/4 radians with respect to tixeaxis(as shown irFigure2.21). This would not cause

any issues for a symmetric system (for example a cylindrical waveguide housing a
circular absorber), but once the symmetry is broken (as in the exanftpiie2.20), it

is important to define polarizatiodirectionsto be consistent with the mode matching
software.
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Figure2.22: TE;1 Co-polar, TE;1 Orthogonal,TEx1 Co-polar andTE;; Orthogonal modes at the excitation
port

With the polarisation angle defined aslvith respect tdhe x-axis (as inFigure 2.22),
the p/(2n) (wheren is the azimuthal orderyymmetry between epolar and orthogonal

modes is still present and this definition is consistent with the modes defined in GAMMA

so that a direct comparison between the softwares is possible.

2.9 Expeimental Verification of Multimode Propagation

In order to verify multimode propagation theory in wavegthden antenna structures
measurement campaign was undertaken at the millimetve measurement laboratory

at Maynooth University. The laboratory equipped with a Vector Network Analyser
(VNA) and beam scanning system capable of making measurements between 75 GHz
and 110 GHzlin this section we discuss the measurements carriednoatrectangular

backto-back horn antenna using the millimetre wameasurement testbed in Maynooth
University.
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2.9.1 Vector Network Analyser
The millimetre wave testbed uses a Rohde and SchwarzZzZMAport) VNA. The VNA
is designed to @rate between 10 MHz and 24 GHawever, by means of two Z¥10
frequency converterdads, measurements are possible in tHeawtl (75110 GHz). The
VNA allows for the measurement of the complex amplitude of the transmitted bignal
comparingthe received signal with thsourcethat was originally used to create it,

meaning that both th@agnitude and phase of the electric field can be recovered.

The parameters commonly measured by the VNA are thar&neters. The two port
configuration used in Maynooth measures the transmission and reflection coefficients of
each portFigure2.23 below shows an example of a two port system and the scattering
parameters of a device under test as well as the incident waves from easseotially

the same as the scattering matrix representation for waveguidkstaated inFigure

2.9 and Equation (2.23). The radiation from each port is linked by the scattering
parametersThe relationship between the incident waves and reflected waves is outlined
in Equation(2.22), which is in the section that discusses mode matq§agtion2.3).

A ! - ! B

i Sa i

E - S
Sll

. S i
D ! o ! C

Port 1 Device Under Port 2
Test

Figure2.23: Scattering parameters for device under test for a two psteray

Both frequency extension heads are able to simultaneaashs emitters and receivers.
Thus when studying a beam transmitted from an antenna, one of the ports is considered
to be the emitter (port 2) and the other the receiver (port 1). The ttegrsimaikept
stationary while the receiver is mounted orxgscanner, thus resulting in a grid of data

points which allows one to recover the beam properties.
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Another stepper motor driven translation stage is also in use, which allows for the
possibility of adjusting the distance from the transmitter to the receiver. The receiver is

mounted on the-translation stage.

2.9.2 Experimental Setup
In order to verify the predicted propagation of higher order modes in a rectangular horn
fed by an overmoded waveguidbe setup shown irFigure 2.24 was used.The
measurement campaign was carried out in collaboration withM2r.r ¢ i dziel.Gr N
However, the analysis was carried out by the author of this tAesisnmetric backo-
backhornconfiguration was used in order to illuminate the radiating horn. Thetback
back overmoded structure could be rotated in order to varyrpcameed by the higher
order modes in the waveguid&€he measurement setup also consistec 9¥/R-10
waveguide probe on port(Ry scanner), a conical corrugated horn with a transitoa
WR-10 waveguide on port {ztranslation stage)with the deviceunder test the
rectangular backo-back horn)placed on a rotational stage between port 1 and port 2.

Figure2.24 below shows the measurement setup.

A : _ i B:
Conical E | Sax 2
onica . ' | : Waveguide
Horn E : Rectangular . S2 E Probe
back-to-back ! H
, horn g H
298 mm ! ~_ ' 148 mm =c‘:
] : RS : :
: ! -~ : F
: ! 140 mm ;
:S11 . 1
: ' Si12
D o : C
Port 1 Device Under Port 2
Test

Figure2.24: Measurement setup

The receiver converter head with the VIR waveguide probe was mounted on xkie
scanner whichallowed a twedimensional gridof data to be produced containing
information on the beam evolution. The resolution of the scan was set torhe®éth

in the xaxis andthe yaxis. During this measuremetite distance between the emitter

and the receiver was constant at 446 mm. The rectangulatdhekk horn was mounted
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on a rotational stage, which allowed the device under test to be ribtatedh a range of
angles fom -10 to 10 degrees in steps of dégreesAt each anglea40 mm by 40 mm
xy grid of datawas produced.

The dimensions of the rectangular baocfback horn aperture and throat section are
detailed inFigure2.25andTable2.1 shows the supported modes (and when thepct
across the investigated band.

20.91 mm
- >
3.76 mm .
'.,.-(—)-‘,.
¢1.88 mm 15.33 mm

:

Figure2.25: Dimensions of rectangular horn aperture and throat section

75|80(85|{90|95|100| 105| 110
TEw |V |V |V | V|V |V |V |V
TE20 ViV|iV| V|V |V |V
TEo1 ViVvV|iV| V|V |V |V
TE1u V| V|V \Y V

Table2.1: Supported modes across the investigated band

2.9.3 Comparison of Measurements with Theorakieredictions
In this section, the results thfe measurements outlinedSection2.9.2 will be presented
with the setup seen Figure2.26. The modifications made to GAMM~Aallow for horn
illumination byan offaxisinput wave will also be discussed. In the standard version of
GAMMA for rectangular geometries, it is assumed that all modes are excited equally with
unity powerat the input porfi.e. an idealcavity mounted bolometer systemyith the
smallest section (genehglthis is the throat of the horn) filtering out any higher order

modes that do rigpropagate.

In this case clearly the modes will not all carry the same power in the waveguide feeding

the (front) radiating horn. The modification required includes thergéna of an input
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amplitude coefficient matrix ([A]), allowing for a wave to be incident on the excitation

aperture at some usdefined angle (as iRigure2.27).

Figure2.26: Measurement setup showing the béatback horn and the scanrssfore and after

including ecosorb to minimise reflections

If the backto-back horn structure is rotated through some amgléhen the incident

radiation from the wavegde probe will appear to arrive at an andleas illustrated in

Figure2.27 below.
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Conical
Horn

<)

Y

d:

Figure2.27: Measurement setup with angles

Clearly theangle of incidencef the wave on the excitation aperture is given by

d, sin(a (2119

b=g+a =tan' 2 +a
7 % d cos(a 8

Making the approximation that the incident radiation locally is a plane wave arriving at

an offaxis angle b with respect to the axis of the horn, then the amplitude of the

waveguide modes excited in the horn aperture (mode coefficients) is given by

Ah — ﬁEo g kxisin(6) n 03n (Xi, yl)dXIdyI, (2 120)
Ap

where the integralk taken over the horn apertusaed the aperture defines tlﬁnei,yi)

(4]
plane as illustrated in tHeigure2.27. The polarization ection of the incident wave

depends on the VNA waveguide oriation for the input beam sourdgut the A, are

related to the Fourier transform of the modal fields the farfeld of the modes) which

are

€, 1 (x, y) 2z kv e, (xi, yi)dxidyj. (2.121)
Ap

where
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k, =k, singcosf , (2122
and

k, =k, singsinf . (2.123

whered and « are the sph@al polar angular cordinates of the fafield point with

respect to the axis of the system.

If the incident field is polarized in thg direction (out of the plane of the page) then

clearly

2 212
A% =g . (ksin(6),0) &) . (21249
We can then operate wilfsu] on the column vector of the mode coefficie{mi to

determine the mode coefficients at the aperture of the radiating horn

[B]=[S,.][Al. (2129

We can thus predict the feeld of the radiating horat the scan plane (assumediédd)

eff = a Bn en,ff (kx’kY) ) (212@

The fafield will clearly be displaced on the scan plane by an amdytar(a) which

needs to be taken into account when comparing theory with experanisthe distance

from the centre of rotation of the horn to the scan plane.

The analysis results (bo#imulation and measurement) are presemdegure2.28 to
Figure2.34. The oftaxis angles ok =- 8" - 5% 0" 5% 8" are presented at frequencifs
75 GHz, 95 GHz and 110 GHZhe backto-back rectanglar horn was rotated around

the centre point as it was more convenient mechanically.

The beams irFigure 2.28 are contour plots of measurements (top) and simulation
(bottom) for an oraxis (@ = 0%) incoming beam at 75 GHz, 95 GHz and 110 GHz. The
backto-back horn is single mode at 75 GHz supporting only Th2y mode and
multimode at 95 GHz and 110 GHz supporting Ti®o, TEx, TEo1 andTE11 modes It

can be seen that the modes couple stronglygmnraxis incoming waveas the fdield
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pattern has c@axis power. Good agreement can be seen between the contour beams of

measurements and simulation, providing some validation of the code implementation.

Figure2.28: Contour plotof measurements (top) and simulabtehmgbottom) for the incoming beam
onraxis at 75 GHz (left), 95 GHz (middle) and 110 GHz (right)

The beams ifrigure2.29 show the measurexhd simulated contour beam with the angle

of illumination a =-5" on the left anda = 5"on the right for an incoming beam at 75
GHz. Both measurements and simulations result in a field that still hasi®opower.

This is @& expected, since at this frequency, only the fundamental mode propagates in the
waveguide filter section of éhbackto-back rectangular horirigure2.30 below shows

the cuts of both the measured and simulatéal @ta/5 GHz, taken from themtour bears

in Figure2.29. The cuts of the measurement datataken along thg =0 direction and
the cuts of the simulated data are taken alondJthe 0 direction (whereU, =k, /K,
andU, =k, /k, contain the spherical polar and azimuthal angleand 7 as indicated
in Equationg(2.122) and(2.123)).

The aperture size of the measurement pf@d4 mm3 1.27 mm)was much less than
the typical sizes of the structures of the measuredieflar beams (S ~ 25 mm) and

therefore the approximation was made that dedoition was not necessary for revealing
the main features of the beam pattern.
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Figure2.29: Contour plotof measurements (top) and simulabedmgbottom) at 75 GHz for the

incoming beam offixis ata =- 5" on theleft and a = 5"right
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Figure2.30: Cut of contour plotén Figure2.29 of measured and simulated data for the incoming beam at

75 GHzoff-axis ata = - 5" on theleft and a = 5"right
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The beams ifrigure2.31 show the measured and simulated contour beam with the angle

of illumination a =-8" on the left anda =8"on the right fo an incoming beam at
95GHz. A double peak structure separated by a deepx@dfnull is observed in the
simulationswvhereas the null was shallower in the measuremiempsying that the higher

order modes dominate for this da@f illumination. This can be explained by the fact

that the measurement probe was of the same size as the null feature and therefore was
insensitive to it. Also the measurements were taken not at infinity (trdiel@y but at a
distanceof 148 mm (AU &) from the radiating horn an:t
effects may be still present that fill the null. Deconvolution (using phase and amplitude
measurements) would reveal whether there is a discrepancy, but this was beyond the
scope of this wrk due to time constraint3he TEio, TExo, TEor and TEz1 modes can
propagate 85 GHz and.10GHz However, due to the symmetry only fhEio andTEx

are excitedthe other two modes are not excited due to their field polarizat@endouble

peak strature indicates that thEEo mode couples to the incoming plane with a higher
degree than the fundameniBEio mode {.e. relative balance between the modes has
shifted).Figure2.32 below shows the cuts of both theeasured ansimulated data at®

GHz, taken from theantour bears inFigure2.31. The cuts of the measurement data

taken along they =0 direction and the cuts of the simulated data are taken along the

u,=0 direction
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Figure2.31: Contour plotof measurements (top) and simulabemgbottom) at 95 GHz for the

incoming beam offixis ata = - 8" on theleft and @ = 8"on the right
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0
30 20 -10 10 0 10 20 30 0
) 30 20 10 4, 0 10 20 30
-20
-20
-30
-30

Power (dB)
Power (dB)

-80

-90 -90

-100 -100
Angle (deg) Angle (deg)

Figure2.32: Cut of contour plotin Figure2.31 of measured and simulated data for the incoming beam at

95 GHz offaxis ata = - 8" on theleft and @ = 8right
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The beams ifrigure2.33 show the measured and simulated contour beam with the angle
of illumination a =-8" on the left anda =8"n the rght for an incoming beam at
110GHz. Again a double peak structure separated by a significaraxadfnull is
observed for this case, in both the measurements and simulations, implying that the higher
order modes dominate for this angle of illuminatibigure2.34 below shows the cuts of

both the measured and simulated data at 110 GHz, taken froontheicbeara inFigure

2.33. The cuts of the measurement date taken along thg = Odirection and the cuts
of the simulated data are taken along the=0 direction. Comparing the cuts of the

beamsan Figure2.32 andFigure2.34, it can be seen that thelll betweenlte two peaks
(maxima)is not asclearly defined at 110 GHz as it is for the 95 GHz frequency, still
indicating that the relative balance between the modes has shifted, with-éxéaffode

not dominating to the same level it did at 95 GHz.

o e T W T -04p 1 1 1 1]
-04 -0.2 0.0 02 04 -04 -02 0.0 0.2 04

Ux

Ux
Figure2.33: Contour plotof measurements (top) and simulabteshmgbottom) at 110 GHz for the

incoming beam offixis ata = - 8" on theleft and & = 8"on the right
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Figure2.34: Cut of contour plotin Figure2.33 of measured and simulated data for the incoming beam at

110 GHz offaxis ata = - 8" on theleft and @ = 8”right

For the various angles of edixis illumination presented above, it was seen that the
relative balance with which the modes couple to the incoming plane changes as a function
of the angle of illumination, with the a#xis (higher order) modes begingitoinfluence

the overall faield pattern, as was indicated by the-aXis null. The measurements do of
course indtate clear multimode operatiohable2.2 displays theabsolute values of the

mode amplitudes(from Equation(2.125) for the cases considered kigure 2.28 to
Figure2.34.

a=-8 a=-5" a=0" a=5" a=8"

75GHz 0.236 0.313 0.374 0.313 0.236
(TE10)

95 GHz 0.176 0.260 0.340 0.260 0.176
(TE10)

95 GHz 0.274 0.241 0.107 0.241 0.274
(TE20)

110 GHz 0.143 0.223 0.313 0.223 0.143
(TE10)

110 GHz 0.238 0.234 0.113 0.234 0.238
(TE20)

Table2.2: Absolute values of the adeamplitudedor the investigated frequencies and rotation angles
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2.10Conclusion

In this chapter, waveguide modes and mode matching were introduced for systems of
both rectangular and circular cross sediomhebasic implementatiorof the mode
matching technique into a Generalised Absorber Mode Matching and Analysis
(GAMMA) software, developed Hhouse by the author of this thesis, has also been
discussedAn overview of the theory behind implementationab&orbers in waveguide
structures was also given, which will be applied to specific examples in the later chapters
of this thesis. We will discuss the various extensions to GAMMA which willdzs=l to

analyse the systems irh@pters 4, 5 and 6.

An overviev of CST was also provided, which will be used as a benchmark simulation
tool to verify the further development of GAMMA (offset absorbing cavities, absorbers
of arbitrary shapeetc) for electrically small systems. It will be shown that when the
systemdecome large in terms of wavelength, mode matching proves to be more efficient

both in terms of time and computational power needed.

We also providé the details of a measurement campaign which was undertaken at the
millimetre-wave measurement laboratotyMaynooth University by the thesis author for
experimental verification of multimode propagation. Multimode baekack
rectangular horn measurements were carried out across a frequency range 12060

GHz and across a range of angled(*to 10" rectangular backo-back horn rotation)

with some results presented in this chapter. At the higher frequencies (95 GHz and 110
GHz) the ratio with which the modes are excited at the mode aperture varies as a function
of ilumination angle, while at the lower frequerady75 GHzthe pattern contained en

axis power since thevaveguide filter section only allowed for the propagation of the

fundamental mode.

An equivalent system was also modelled in GAMMA and agreement was etiserv
between measurements and simulations, thus in a sense providing verification for both
the experimental and the software approach. A method of simulatingaxi®fficoming

beam in GAMMA was also discussed, with this extension allowing for direct asopa

of measurement and simulation results
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3 QuasiOptical Propagation and the Design of a
4mm Receiver for the Onsala Space Observatory

3.1 Introduction

One of the critical issues for receiver systeamsastronomical telescopescoupling to

the feedhornantenna, which feeds a detector as discussed in the previous chapter, with
the telescope for optimizing the aperture efficiencies of the combined system (so that both
the resolution and sensitivity asptimised)In this chaptemwe introduce two approaehl

that can be used to achieve th&aussian Beam Mode Analysis and Physical Optics.
Gaussian Beam Mode Analysigs usedor determining the basic desighthe horrand
Physical Opticavas used to providaccurate beam on tisky. Given the preset GBM

parameters the horn was designed by the author of this thesis to match the receiver optics.

One of the goals of this chapter is to also illustrate the design and analysis process for the
specific example of a new 4 mm receiver on the Onsala Space Obser2atmon
telescope, in particular looking also at tolerancing issues. This involves both the
consideration of the design of the horn antenna for the receiver and the analysis of the

optical relay system anti¢ telescope to predict thefiatd beams on theky.

The Onsala Space Obervat¢®SO)is the Swedish national facility for radio astronomy
(chalmers.se, 20)3Among the radio telescopéscated alOnsala are the 20 and 25 m
radio telescoped he 25 m decimetrevave telescope is equipped with recesvep to 7

GHz and mainly used for astronomical VLEYery-long-baseline interferometry)
observations (such as star formation and AGN) and is occasionally used as a single dish
for interstellar molecule observatiorhe 20 m millimetrevave telescope igrotected by

a radomeand equipped with receivers up to 116 GHz. It is used for observations of
millimetre-wave emission from molecules the interstellar medium (ISM) and for the
study of cometsCurrently, the telescope is equipped with the following remsi (see
Table3.1):
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Observatory
Frequency Range Receiver Temperature
2.21 2.4 GHz 60 K
8.21 8.4 GHz 80 K
18.071 26.0 GHz 30K
26.071 36.0 GHz 50 K
36.01 49.8 GHz 50 K
67.0i87 . 0 GHz 5071 60 K
85.01 1166 0 GHz ( 5071 60 K

Table3.1: Frequency channels present on the 20 m OSO teleédogleners.se, 2@&B)

The Terahertz Space flics group in the Maynooth Experimental Physics department
undertakes resezh in the area of millimetrevave and terahertz optics and technology

for astronomical instrumentation. As a result of expertise in this research area present in
the department, the group was invited to desigrofiteal system for the new proposed

4 mmsystemfor the 20 m telescope The aut hordés contribut.i
corrugated feed hori critical component of the front end optics is a corrugated horn
with a low focal ratiato feed the detector with high efficiengia the front end optics

The performance requirements of the horn were as follows: it had to operate over
frequency band of 67 GHz to 86 GHigve a beam power coupdj to a besfit Gaussian

field (Gaussicity)of 98.1%, low crosgolarisation levels, low return loss and havest

of the power in theHE1:1 hybrid waveguide modéClarricoats 1984:3. A similar
performance was achieved in the case of the 3 mm recEhenew 4 mm receivavas
installed on thdelescope irOctober2015 in parallelwith the existing 3 mm receer
channel.With the two millimetrewave receives, the main interest is to obtagood

quality data to determine the concentrations and dynamics of molécalssonomical
sources, especialipcluding CO, CN and HCNchalmers.se, 20b3. Figure3.1 shows

spectra from some early commissioning observations carried out with the 4 mm receiver

Orion KL 2015-10-21 (short integration) 1C342 2015-10-20 (filtered & smoothed)
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Figure3.1: Spectrum with observations of HDO and other moleculesionXL (Left). Spectrum with

observations of two spectral lines in the galaxy IC @ight). (chalmers.se, 2018a
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Threecorrugated horswere considered for the desigrwa of them are standard conical
corrugated horns (one with an apertof@0 mm andthe other 0fL8.8mm) and the other

is a compact design horn which optimises the aperture efficiency of the horn while
reducing its length. Each horn considered contairflared waveguide section, with
corrugations perpendicular to the axis of propagatibthe horn. The purpose of the
corrugations is to force the boundary conditions for electric and magnetic fields to be the
same, resulting in a symmetieampatternfor the hornwith low crosspolarization

levels.

The design was carried out mainly upitheor i gi n al OCy !l imoder i c al
matching codeand the GAMMA software(as explained in Rapter2). Maximum
Gaussicity was achieved by adjusting togrugated horiparameters (beam width and

phase curvatre) to excite théiE1; amplitude and to minimize the excitationHE:» and

higher order mode§.he HE11 and theHE12 are so called hybrid modes (mix BE and

TM modes) that satisfy the boundary conditions in corrugated horns.

A manufacturing toleranc@nalysis of the horn was also carried out where the radii of the

sections making up the horn were altered watidomerror values ranging frorfi 15/m
to ° 100//m. In particular, he copolar and crospolar beam patterns werevestigated

for any deterioration in predicted performaificethe different tolerance limits.

A brief outline of theoptics of the4 mm receiver channel design will also be presented.
The optical design was carried out by George Walker and a moreedegp@cification

of the optics is given ilValker (2016). In this chapter as indicated abaeewill mainly

focus on the design of the corrugated horn antenna and on propagating its beam through
the front end optics and the 20 m Onsala telescope to prtiicarfield pattern of the

beam on the sky at a number of spot frequencies across the band. The main focus here

will be to establish a tolerance linth the horn manufacture

3.2 Gaussian Beam Mode Analysis

To understand the propagation of an electromagbetam through an optical system at
submm wavelegths a quasoptical approach can be use@8eometrical optics is an

effective analysis tool for optical systems when the wavelength is small compared to the
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size of the omponents in the optical systemowkver, it breaks down for systems in
which the components are only a few wavelengths in diameter as diffraction effects
become importantGoldsmith 1998: 26 As a result, an alternative approaG@aussian
Beam Mode Analysis (GBMA)s a techniquéhat hasreendeveloped tanoreaccurately
describe quasoptical propagation taking into account Fresnel diffraction effects
particularly for coherent beamkgsurf, 1990 8). This technique allows for the analysis

of much more compact optical syste(nslativeto the wavelength)However for a full
analysis of polarization propertieBhysical Optics is required as will be discussed in
Secion 3.3

The solution to the paraxial wave equation forms the basis for Gaussam
propagation ThisGaussian beam solutiamgivenby (Goldsmith 1998: 2%
2

sovg 10 eve k!
u
e W@ & & 2R

2 (3.1)

PN(2)*

E.(r,2)= (Z)§+ Jfo<z)§.

where thez-axis is the axis of propagation and the origin is locatethe planeatz=0

where the beam is narrowest (has a waist) &8gare 3.2. The beam width parameter
W(z), the phase curvaturB(z) and the phase slippage tevfp(z) all vary with z and

determinghe beam propagation propertiébus atz = z, they are given bgGoldsmith
199825)

s . 3.2)
d o/700 (
W*(2) =W02§+ € 2Uu g,
g o u =
2 . - 3.3)
2 el g (
R(z2)=2%+&—2 9,
(2) ge eg—/z H :
(3.4)

a/z 0
f(2) =tan 1%8

whereWp is the beam waist (the valv®éhas atz=0 and where the radius of curvature is
infinite) and the beam propagation distance is measuredveetatthe waisa nd & i s
wavelength The relationships given i(8.2) i (3.4) are fundamental for Gaussiaaam

propagation as this simple set of equations describesbéhaviour of the beam
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parameters at all distances from the beam wH& beam width at any pdiis given by

Equation(3.2) andFigure3.2 shows how it is changing with propagation

Figure3.2: lllustration of how the beam width and radius of curvature of a prajrag&aussian beam is

changing.

Although the fundamental Gaussibeammode solution is important in quagptical
analysis, higher order med are required to increase theumacy of the analysis. In
cylindrical coordinates, these higher order modes have the Laguerre polynomials
modulatingthe fundamental beam modgaussian profilgMurphy and Egan, 1993)
These higher order modes have theperty that the beam radiwnd the radius of

curvaturetake on the same value as for the fundamental mode, but their phase shifts are

different.
2 ear? @ e ar? oo (3.5)
yalr.2)= 7 Ln &2 28-13 eXpe %8:1
écvw = é ¢V H
e & r?q . apw? @
*exps kg+——g+ j(2n+1)2 tan’ Y

A generabeam therefore ragsented b)E(r, z) is considered to be made up of a linear
sum of independently propagating modag(r,f, z), meaning that at anyont the field

may be expresseab
E(rz)=4 Aw.(r.2) (36)
nl

where A, are the mode coefficients, apd, (in cylindrical ceordinates for azimuthally

symmetric modes) is the LaguexBaussian function.

The mode coefficient\,, are given by

A, = FE(r, 2)y ,dA, (3.7)
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provided that the higher order modes are normalized soﬁh*gtlndAzl. The power

contained in a mode (assqﬁqﬁ,soghanihetﬁélctmaylorma

be leconstructed by usirgquation(3.7).

Furthermore, it ipossible to model the propagation of a beam through an optical system
of lenses or curved mirrors using the ABCD matrix approach ssided inGoldsmith.
However for a more accurate description when crpskarisation levels are of interest, a
more accurate Physical Optics approach is required and will be discussed in the following

section.

3.3 GRASP9 Softwalbescription

In order to undertake ahpsical optics (PO) analysis of the OSO receiver system the
software package GRASP9 (Generalised Reflector Antenna Software Package) was used.
GRASP9 is a specialist software package developed by TICRA for the analysis of
reflector antenna systems. It c@ts of three main components: (i) A gyeocessortp
assistthe user in visualising the system and setting up the problem geometry), (ii)
Analysis moduletp performthe electromagnetic analysis), and (iii) Ppsicessortp
performdata processing armalots, which can be in the form of cuts and contours). It
predicts the beam patterns of telescope systems by calculating (or reading in) the field
from a source feed and propagating it through the reflector system to a detection grid in
the far (or near) field of the telescopelt can also be used for any optical system

consisting of reflecting curved mirrors.

GRASP9 wa developed using the Fortran 90 language and makes use ofartgattd
programming techniques (Pontoppidan, 2005). Reflector andsfgstdms defined in
GRASP9 are described in terms of objects belonging to different classes. The three main

object classes in GRASP9 are Geometrical Objects, Electrical Objects and Plot Objects.

In this section, we will discuss Geometrical Objects and EtattObjects. Physical
Optics (PO) calculations will also be discussed (Geometrical Optics (GO) / Geometrical
Theory of Diffraction (GTD) and Method of Moments (MoM) were not used and will not

be discussed).
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Geometrical Objects

In GRASP9, scattering stttures (reflectors) are contained in Beatterergroup. The
Reflectorclass is used to specifyScatterer A reflector needs to have a minimum of
three components to be defined, including a surface object, a rim object anddmede
system. Afterwads, depending on the system being analysed, the reflector may have a
central hole (the radius of which can be defined), or it may contain surface distortions

(which may also be added to the reflector surface).

TheCoordinate Systentdass is used to spegithe position of a cordinate system either
with respect to a global eardinate system or to another useffined ceordinate system.
The coordinate system can be defined in termsxyf componentsEuler Anglesor
GRASP Angles

The Surface Objectlass describes the surface of a reflector. It contains built in reflector
surfaces, such as paraboloid, hyperboloid, ellipsgitl More complex surface can also

be generated by providing a second order polynomial to define the surface, this is found
underOther Quadrics The seconarder polynomial is defined by (GRASP9 Reference

Manual, 201pas follows
AKX+ AXY+A Y+ AX+HAY+A = AZ +Az+ Axz+ALyz,  (38)

wherethesurface is defined in the sameaalinate system as thercesponding reflector

object.

The Rim Objectdescribes the bounding rim of a reflector. The following types of edges
are avdable: elliptical, rectangular artdangular. A polynomial definition of the rim can
also be used in the clagsibulated RimIn each case, the edge is specified in a plane
which is orthogonal to the-axis of the ceordinate system specifying the reflector. For
the case oTabulated Rinbeing used, the values are tabulated either in Cartesiaor

polar(r, YXco-ordinates.

Electrical Objects

The four required components to carry out PO analysis found iEldugrical Objects
menu areFrequency Feed PO (standardandField Storage The clasOther Sources
will also be discussed as items in this classewesed to produce beams on the sky of the

telescope systems analysed in this thesis.
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The frequency (or frequencies) at which the calculations need to be carried out can be
specified as a list ifrrequency ListA range of frequencies can also be speciiired
Frequency Rangbky providing the minimum and maximum frequencies and the number

of samples. Alternatively, a list or range of wavelengths may also be used.

Feeds are radiation sources used as the starting point in theaBGis. Thé-eedmenu
containssimple and general sources, the models of which are collected in the following
groups:Pattern Horn, Tabulated FeedPlanar FeedandHelix or Dipole. A beam pattern

fulfilling certain criteria can be defined Pattern For the case of a single mode @ahi
corrugated horn the beam pattern at the aperture may be represented by a Gaussian, by

defining a beam radius\(z)) and radius of curvatur&(z)).

If the geometry of the radiation source is well known, various horn geometries can be
read in by theHorn class. Examples include: conical horn, fundamental mode circular
waveguide, Potter horn, hybrid modenical horn, rectangular horn aheixagonal horn.

The aperture radius (or width and height for the case of rectangular horns) and flare length
need tabe supplied. Based on the supplied information, GRASP9 creates a beam at the

aperture, which may be propagated through the optical system.

ThePO (standard)klass is used to store the induced currents on a reflector surface. This
is a useful feature whenadelling systems containing multiple reflectors, as the currents

stored in the object can then be used as a source in later calculations.

The Field Storageis used to determine the output points at which the field will be
determined. It contains the follamg classesCut, Grid and Tabulated usPoints Cuts

and grids can be of type spherical, planar or cylindrical, takéhre &ield upon a surface

in space, or surface grids or cuts at a scatterer. In each casedinate system for the

cut and/or grid eeds to be definedlabulated uypoints are defined by irregularly
distributed points in the farfield pattern, where the points themselves are defined in a file
and given iruv-coordinates (which themselves are defined in terms of the spherical polar

and aimuthal anglesl and().

The Other Sourceglass may be used where the aperture field of the horn has already
been calculated. If this is the case, it can be read in by GRASPYamikated Planar
Sourcelnrhouse mode matching sofamwhr@®&GAMMAG nd
the case of the 4 mm OSO horn) and O0GAMM/

84



Chapter 3:
QuastOptical Propagation and the Design of a 4mm Receiver for the Onsala Space
Observatory

545 GHz horns, discussed @hapter5) was used to generate the aperture fields of the
horns, specified in a file contairgnrelevant GRASP9 header data (dimensions and
sampling of the field). The tabulated planar source files were then used as input to
GRASP9 for propagation of the beam through théesysand to the sky E€stions3.7 for

the 20 m telescope coupled to the 4 mm receiver g@@msion5.6 and Section5.8 for

the case of the Planck 857 and 545 GHz chahnels

Commands

For the purpses of the examples discussed in this thesiGgt€urrentsandGet Fields
commands were used to perform the electromagnetic analysis calcul@gbi@urrents
activates the computation of the currents at the reflector. The source illuminating the
scaterer (tabulated planar source for the case of the examples outlined in this thesis) is
what generates the currents which are calculated and stored in a physical optics object,
which may be used as the source for any further calculations to be madaeHeld
command was then used to obtain the field from a source at the points specified in the

field storage object.

Physical Optics

GRASP9 can perform scattering simulations using a number of different methods, with
PObeing the method that is most comryoused (Pontoppidan, 200&hd is of interest
toushere The term O6physical é is used to ind
optics than ray tracing techniquesiployed by geometrical optics so that track can be

kept of physical electric andagnetic fieldsE andH, and thereby the polarized field.

It is true for any scattering problem that the goal is to calculate the radiated field. In order
to do so, the incident field needs to be known, as well as the electrical properties of the

scatterein question. The following description relates the fiddgls

E . =E_ . +E (3.9)

total — —incident scatterec

A threestep process describes the analysis to solve a scattering problem: (i) the currents
induced on a s¢iering surface need to be calculated, (ii) the field radiated by the induced
surface currents needs to be calculated, and (iii) the incident and the scattered field need
to be added to obtain the total field.
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Step (i) is the most complex and would comnyarploy the MoM ¢chnique for non

ideal surfaces. blvever it is very computationally intense for electrically large scatterers.
PO provides an approximation to the surface currents, assuming a perfectly conducting
scatterer surface which is large in terof wavelength. It is also assumed that the surface
current at a specific point on a curved (but perfectly conducting) surface is the same as
the surface current on an infinite planar surf&aeh current elemeptn then be related

to the incident magrtie field, H,.., by

J=2nH (3.10

inc?

(%]
where n is the unit vector normal to the surface of the scatterert-ipdis the incignt

magnetic field.

The incident magnetic field itself is the result of radiation from a previous suiface,

with currentsJi given by

jkr 3.11
HmC:ED3£ﬁ]ie dSi. ( )
m 4p Si

wherer is the distance talS;.

No further approximations are made in step (ii) since the surface currents may be
computed using high precision numerical integratidowever, he PO approximatign
strictly speaking, camot be usegreciselyat an edge. In that cagdysical Theory of
Diffraction (PTD) is required to obtain the field near the edge of a surface. PTD integrates
equivalent edge currents along the edge of the reflector surface, caladaigdan
approximation based on a perfectly conducting infinite half plane (Johansen, 1996). PTD

acts as a correction factor to PO, thus the eieadtfield is expressed as

Eecoeres= Epo + Epro (312

scattered
GRASP9 was used in the analysis of the OSO 4 mm receiver for predicting beams on the
sky and in the multhode channels of the Planck HFI with the inpatdalfields provided
by GAMMA.
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3.4 Design Parameters of Corrugated Horns

The variety of antenna pfcations where a corrugated horn is used are listdchiole
3.2which details the types of horn used and lists some example applications. A corrugated
horn is usually used as a feed for a reflector antennalf@rent transmitters or receivers
(single mode), although it can occasionally be used on it{fowaxamplePenzi as 6 a

Wil sonds exper i men (Penaids arfd Wilsent 1965)MB det ect i

Types of Horn Typical uses Types of Horn Typical uses
Large aperture, narrow flari Large Cassegrain Multimod€e horns Radars
angle antennas (where multimode .
Prime focus
aD refers to the fact tha reflectors

more than one mod
is excited in the

ce- > 48, (67 < 15A) Earth stations,
C +

Offset reflectors

s N Radio Astronomy horn, but he
JEESES T |‘f ‘\‘ antennas waveguide is still
M — Vo single mode
*—«,\,Hx 7 J g )
Small aperture, narrow flarf  Spacecraft antennas | Very broad band | Electronic warfare
angle horns
aD Prime focus

22 <48 (g<15)
¢/ o+

Wide flare agle

(q > 15A)

Conical Horn

Multifrequency Multifrequency
communication

channels

Prime focus reflectors
Gain standard

Low frequency

Compact horns | Spacecraft antennal

Table3.2: Different types and apations of horn antennas whddeefers to the aperture diameter of

the horn andf refers to the opening angle of the ho@africoats and Olver, 1984 : P8

Millimetre wave antennas are often not directly placed at the reflector arfteusabut

rather some optical components (typicallyfeeussing mirrors) are used to match the
millimetre wave horn to the telescope in order to optimize aperture efficiency. The
corrugated horn designs considered for the OSO 4 mm receiver channel are large aperture
and narrow flare angle horns. This design is most commonly used in corrugated horns

since the large aperture diameter ensures the horns are less sensitivetolercssion.
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In any type of corrugated horodrimportantsections (se€igure3.3) can be identified
for design purposes (Clarriceatl984 99): (i) the agerture diameter and flare angle, (ii)

the corrugabns, (iii) the flare section an@) the throat section

Flare angle Apertur

D

Throat

Figure3.3: Corrugated Horn showintipe sectiongelevant for design

The aperture diameter and flare angle determine thgoles beamwidthwhile the
corrugations determine the beam pattern symymatd crosgolarisation levels. fie

flare section determines the mode conversion along the horhapddition of the phase

centre. he throat section determines both the impedance match into the waveguide
sections behind the horn and also which matesgenerated thaan propagate in the

horn Clarricoats and Olver, 1984: Y3 he narrow fl are angle (d
long horn resulting in the phase centre of the horn varying less with frequency, and the
large aperture diameter simplifies the analysis by enabling further approximations to be

made.

In single mode hornshé crosspolar fieldcan be regarded #se orttogonal component

of the fieldrelative to the dominant (goolar) field direction The crosspolar field is
generallya maximum atf = 45" and 7 =135", the power of which can be attributed to:

() the intrinsic crosgolarisaton of corrugations, (ii) higher order modes generated by
throat region, (iii) higher order mode conversion along the (groh as th&H;2), and

(iv) direct radiation from flange (only of concern for small homagh significant currents
around the apaure areaClarricoats and Olver, 1984: 1j1&tandarctonicalcorrugated
horns are favoured over standard smooth waltedcalhorns because thattertend to
have significantly higher crosgpolarisation levelsand asymmetric beamsThis is
undesirablen an astronomical receiveystem such as the 4 mm OSO receiver, due to

crosspolarisation introduced by the receiver channel mirrors.
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When designing the flared section of the horn, one needs to consider: (i) the mechanical
constraints of the length, (iipe position and movement of the phase centre (point on the
axis of the horn which is the centre of curvature of the phase ford}s the operating

band and(iii) mode conversion along the flared secti®he throat section is one of the

most difficuk parts of the feed to design correctly for optimum performancegpianrtiy

for wide band operation, becausey mismatch between the waveguide modes and the
modes in the throat section of the horn, will lead to the generation of higher order modes
which cause increased crepslarisationas well as reflections back into the feed
waveguide(Clarricoats and Olver, 1984: 1p8t is reported in the literaturéhat the
optimum corrugation depth for minimalcrggso | ar i sati on i s a/ 2 s
&/ 4 at the throat, but it introduces a f
guestionasto what is the best design away from the central frecyué\ certain amount

of trial and error is required to reach the performance goals.

3.5 4mm OSO Channel Design

As mentioned previoushthree different horn designgereinitially considered for the
receiver feed:wo standaratonicalcorrugated horngonewith a wider 30 mm aperture
and one with a narrower 18.8 mm apertuedl one compagdrofiled design Maffei et
al., 2009 horn.In the end, de to the difficulty in manufacturingpe profiled horn option
it was not chosen for the desigmu it will notbe discussetb the same levaif detall
as the two other standard corrugated horns. Both standaichlcorrugated horns have
a large aperture and a narrow flare angle. The physical specifications afflibttse

horns can be seen Trable3.3.

Wider Narrower
Aperture Diameter 30mm 18.8mm
Flare Angle 8.5 4.8¢
Slant Length 100 mm 110 mm
Axial Length 87 mm 93 mm

Table3.3: Specifications of horns considered for design
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3.5.1 Corrugated horn with 3thm aperture(wider aperture)
The hornshownin Figure3.4 (left) contains corrugations which are perpentdicto the
axis of propagationThe Mathematica version of the CylindricalSCATTERftware was
used to obtain the scattering matriéesthe horn as well as theperturefields. Figure

3.4 (right) shows the beam at the aperture produced by the mode matching software

showing the cuts at azimuthal angl&y180% 90%/ 270" and 45%/ 225"

1

E g it UL 0.8 0/180
L . L utd .
Qé merﬂﬂlﬂ 0.6 90/270
E w
g .. —LﬂHHLLIU_LUHJLnJI' 1 0.4
: Wiy, 1
E(S LIILUJHULIE.LUUIULIJHU -
lingyy, LTI
- 0
Horn length(millimeters) — _5 | 5 lo |

r(mm)

Figure3.4: Corrugated Horn with 30nm aperture plotted in Mathematiflzeft). The aperture fieldat 76
GHztaken at various cufRight) (blue line corresponds to a cut takemat 1 Jp YJgreenatin

wTiHq ¥ Tadd orangatn T U ¢ B J

The farfield patterns were producky CylindricaSCATTER using the expressions for
farfield of thewaveguide modes at the aperture. The beam patterns were pratléded
GHz, 76 GHz and 86 GHz, where the frequeneiisctively correspond to the losv

edge middle and upper edge of the band. Both theaar and crospolar patterns are

displayed inFigure 3.5 below. The crosspolar cutis taken atf = 45"/ 225" where the

crosspolarisation is maximm (the level is zero in the = 0*/180%and thef = 90"/ 270"

directions).

The crosgpolar pattern isat a verylow level rightacross the operating band, and the
different cuts of the cpolar patternline up well indicating that thébeam ishighly
symmetric across the bandAt the design frequency the cregsslar levels are
considerably lower than at the band edges by about 10 dB, indicating excellent

performance across the band by the wider aperture horn.
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Intensity (dB)
0 -
-20 | - 0Y180"
\. 45"/ 228"
8

90%/ 270"
Crosspolar

‘ . ‘ : off — axis angle (degrees)
-40 -20 20 40

Figure3.5: Faffield co-polar and crospolar radiation pattern cuts &t=0"/180", 45"/ 225" and

90"/ 270" at67 GHz pottom left), 76 GHz (topand 86 GHz (bottorright) for the wider (30 mm)

aperture conical horn

The Gaussicityf a fieldO is definedagO6 Sul | i van 2027 Mur phy,

2

20 3
B B oW, RJE.rdrdf (319

Kg =

20 2 2 2
A QIE:| rdrdfs QIVG(W’ R)"20ordr
where y (W, R) is the besfit Gaussian to the beamnd [E;| is the cepolar field

componentGaussicity is a parametesed to determine how welie beam coup$to a
Gaussian. Generally, the more a beam can be approximated as a Gaussian field,the better
especially to minimize any truncation and diffraction effe@emponent si&s can be
minimized as there are no sidelobes carrying poweexaf and single quasiptical

design parameters based on Gaussian beams can be used (Gok898ith62.
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When fitting a Gaussian beam profile to the horn, the Gaussian paraMat@hgbeam
radiusat the apertupeandR (the radius of curvature) are varied to maximise Gaussicity.

The fit that produced the maximum Gaussicity was taken as the best fit.

The beam radius was first estimategually (as indicated ifrigure 3.6 below), i.e. by
plotting thefield amplitude|EF| at £ =0%/180" and bycomparing it with the amplitude
of the Gaussian fiel(Equation(3.14))

¥o(r.zW,R) = 3 expg %% (3.14)
PV e B g

with W(2) as a variable.

Figure36: The red |l ine corresponds to the absolute val

the funcdhmental Gaussian field varying with W

The radius of curvature parameter, R, was fona similar mannefas inFigure3.7),
using the phase of the fiel@his is achieved usindpi¢ argumenof thecomplexapertue
field was plotted along with the phase term of the complex exponential term of the

Gaussian beam (essentiaky?/2R).
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Figure3.7: The red line corresponds to the argument of the apdrtiure | d at G=0A and t!

corresponds to the argument of the fundamental Gaussian field varying with R and z.

Using the method above, approximate values of W and R were obtdihed.
Manipulatd command i n Mat hemati ca aemsge afs e d
approximate values for the beam radidg2) ) Manipulat®d wa s generatda plob

of Equation(3.14) above, withadded controls allowinfpr interactive manipulation of

the beam radius value. One®m approximate range of the beam radius wgaiskly
establishedby eye integration was used to get a more precise valW§z)f thus reducing

the overall computation time.

The coupling coefficient, K(given by Ejuation(3.13)), was calculated for amaller
range ofW(z) andR(z) values. The precise values\fz) andR(z) resulted in maximum
coupling of the aperture field to a Gaussian (With= 1 indicatinga perfect Gaussian
In fact, inthe literature (Goldwith, 1998 163 stateghat at the horn aperture, the best
fit Gaussian was given by, =0.643%5 a , so thatWo (the beam waist) arel(the beam

waist position behind the horn aperture) are give(Wylde and Martin, 1993)

. 06435 a
2’ (3.15
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Dz=—>—350 (3.16)

providedy , is normalizedL is the slant length aralis the aperture radius tdfe horn.

An identical procedure was followed to obtain the Gaussian Beam Mode parameters at

the upper and lwer edges of the frequency band and the results are givebie3.4.

Frequency W R Wo Z )4
(mm) (mm) (mm) (mm) (mm)
76 GHz 9.69 100 7.76 35.9 3.94
67GHz 9.7 99 8.07 30.5 4.47
86GHz 9.72 98 7.34 42.2 3.49

Table3.4: Gaussian Baa Mode parameters at the centrpper and lower edges of the frequency band

Once all of the Gaussian Beam Mode parameters were known, the Gaussicity was

calculated to be 98% at the central band frequenaynen\W(2) was optimized.

The field at the horn aperture can be reconstructed using Gaussian Beam Mode Analysis
by including tte higher order modes as well as the fundamental Gaussian in the analysis.
At the horn aperture the field can be considered as a stk ahd EH hybrid modes

made up of a coherent sumId andTM waveguide modesf the TEandTM waveguide

modes have equphase the resulting hybrid modeHE and if the modes are out of phase

by 18¢the hybrid mode i&€H) will naturally couple to Laguer@aussian mode sets.

The mode coefficients are listed Table 3.5 and the econstructed fields are shown in
Figure3.8. The W used is for the real horn as simulated by CylindricalSCATTER rather

than assuming the W for a perfétiErs mode at the horn aperture.
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Reconstructed = _15 -10 5 0 5 10 15
0.006 0/180 -0.5
g.004 1
E 0.003 -1.5
0.002 5
0.001 0/180
25 90/270
0 Reconstructed
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Figure3.8: Comparison of the reconstructégteen)amplitude (|E|) (left) and phase (right) with
CylindricalSCATTER predictions of the amplitude and phase at the horn aperture at afigs0"
(blue)and 90*/ 270" (orang@ at 76 GHz

n An An An n An An An
(67 GHz)| (76 GHz)| (86 GHz) (67 GHz) | (76 GHz) | (86 GH2)
0 | 0.9909 0.9910 0.9911 5 0.0317 0.0322 0.0328
1 0.0079 0.0014 0.0021 6 0.0189 0.0175 0.0174
2 0.1160 0.1157 0.1153 7 0.0014 0.0014 0.0020
3 0.0430 0.0390 0.0378 8 0.0110 0.0124 0.0176
4 | 0.0172 0.0203 0.0215 9 0.0133 0.0138 0.0145

Table3.5: Modal Coefficients asome spot frequencies across the band

The fundamental mode(Af) contains 8.26 of the power indicating a good
approximation to the main bea®imilarly, thefundamental modéAg) contains 8.1%
of the power at the lower edge ariB% at the upper edge of the band, indicating a good

approximation to ta main beam away from the central frequency.

One of the performance specifications was for the horn to operate over a frequency band
from 67 GHz to 86 GHZThereforeghe beam was also reconstructedhe horn aperture

using Gaussian Beam Mode Analyaithe band edgdsss inFigure3.9 andFigure3.10).
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Figure3.9: Comparison of the reconstructed amplitude (|E|) (gre&h)CylindricalSCATTER

predictions of the amplitude at the horn aperture at angfel80%(blue)and 90"/ 270" (orangg at
67 GHz (left) and 86 GHz (right)

8 —=0/180 4 ——oiso

2 | e 90/270 3 ——90/270

1 ReconstructeLﬁ 2 = Reconstructed

1

0
15 -10 5 .0 5 10 5 0

- 45 10 5 5 10 5
/7_\ 2
! -3 3 -3

-4 -4

r(mm) r(mm)

Figure3.10: Compaison of the reconstructed phase (green) with CylindricalSCATTER predictions of the

amplitude at the horn aperture at angle®/180%(blue)and 90"/ 270" (orangg at 67 GHz (left) and
86 GHz (right)

It is interesting to notehat he field at the aperture of a corrugated horn anteanae

approximated by a zero order Bessel functityfa r) (in fact, this is theHE; hybrid

mode truncated at its first zer(r = a) providesa good fit to the fial (Wylde and Matrtin,
1993).Figure 3.11 showsthe cepola radiation patterns in the faeld for the centre of
the band as well as a plot of the equivalent truncated Bessel bEamever, in any
simulation of theoptical system using GRASPGAMMA and CylindricalSCATTER
were used for the horn fields, although a truncated Bessel beam clearly could have also

been used.
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Intensity (dB)

—  0%180°
45228

90%/ 270"

Truncated Bessel

AY

T off — axis angle (degrees)
-40 -20 20

Figure3.11: Faffield co-polar radiation pattercuts atf =0"/180" 45"/ 225" and 90"/ 270" at 76

GHz with a truncated Bessel Beam

3.5.2 Corrugated horn with 18 8m aperture(narrower aperture)

As was donepreviously, he Mathematica version ofhe mode matching software
(Cylindrical SCATTER wasapplied to the narrower aperturerhgshown inFigure3.12
(left)) design Figure3.12 (right) shows the beam at theesfure produced by the mode

matching software showing the cuts at azimuthal ande&l80%90"/270" and

4571 228",
If
. - i o — (/180
® i .1ﬂ11|mﬂﬂw[fﬂﬂﬂﬂw 5
g H"W"Hm“ﬂmuf ] 0.6 e 90/270
E w
E :
[22]
é [T gy 0.2
: Mgy,
Wiy, kg O 7
- -5 | 5 10
Horn length(millimeters) o

Figure3.12: Corrugated Horn with 9.8im aperture plotted in Matheatica(Left). The aperture fieldat
76 GHztaken at various cu{®Right) (blue line corresponds to a cut takemat 1 Jp YJmgreenatin
wTiHq ¥ Tadd orangatn T vfd ¢ B J

Figure3.13 displays the cepolar and crospola radiation patterns in the fegld at the
lower and upper edge of the band, as well as in the centre batite The crospolar
pattern isat a very low leveacross the operating ba@d7 dB relative to the eaxis co

polar power at 67 GHz and 76 GHz, af3é dB at 86 GHz) and the cutat the different
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azimuthal anglesof the cepolar patternline up well indicating that the beam is

symmetric.
Intensity (dB)
0_
. -20 ¢ — —  0oY1sdt
g 40t \ W
40 45"/225
-60 |
90/ 270
—— Crosspolar
-100
- off — axis angle (degrees)
-40 -20 20 40
Intensity (dB) Intensity (dB)
B+ -
-20
s ) s

T S e off - axis angle (degrt . ‘ 2 : —- off - axis angle (degr
-40 -20 20 40 -40 -20 20 40

Figure3.13: Faffield co-polar and crosgolar radiation pattern cuts@at 1t 3p ¢ frJufd ¢ bwdrifd x 1 J
at67 GHz (bottom left 76 GHz {op) and 86 GHz (bottomight) for the narrower apertur€l8.8 mm)

corrugated horn

The beam radius was first estimatasually (asoutlined in the design procedure the
horn with wider apert¢), i.e. by plotting the absolute value sqadrof the aperture field
at f =0%/180" and by plotting the amplitude term of the LagueB@ussian beam mode
set, which is given biquation(3.14) in Section3.5.1 The ralius of curvature parameter,
R(2), was also found using the same procedure as outlined for the hormnvidéh

aperture

The precise values M(2) andR(z) at the horn apertungere again fountdy performing
the overlap integral between the bisGaussian field and the aperture fiel@nce all
of the Gaussian Beam Mode parameters were known, the Gauasisitalculated to be
982% at the centre of the band. Agaitwias found that at theon apeture, the bestit
Gaussiaragreed withW, =0.6435 a as given in the literature (Goldsm;jth998: 163,
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so that Wo (the beam waist) arl(the beam waist position behind the horn aperture) are
alsogiven byEquations(3.15) and(3.16). The GaussiarBeamModeparameters at the
upper and lower edges of the band were also found by using the same procedure as for

thewider aperture horn and are givenTiable3.6.

Frequency | W(mm) | R(mm) | Wo(mm) | z(mm) | ¥ (mm)
76 GHz 6.13 110 5.92 7.6 3.94
67GHz 6.07 113 5.92 5.6 4.47
86GHz 6.18 111 5.90 9.7 3.49

Table3.6: Gaussian Beaa Mode parameters at the centipper and lower edges of the frequency band

Again, a Gussian Beam Mode Analysis of the field at the horn aperture was undertaken

and the mode coefficients are listed below @ble3.7.

n An An An n An An An
(67 GHz) | (76 GHz) | (86 GHz) (67GHz) | (76 GHz) | (86 GHz2)
0 0.9911 0.9907 0.9900 | 5 0.0267 0.0319 0.0349
1 0.0044 0.0032 0.0019 | 6 0.0163 0.0172 0.0202
2 0.1167 0.1178 0.1197 | 7 0.0041 0.0011 0.0004
3 0.04(® 0.0398 0.0412 | 8 0.0124 0.0110 0.0123
4 0.0163 0.0199 0.0211 | 9 0.0119 0.0111 0.0149

Table3.7. Modal coefficients at the centre of the band

The fundamental mode(Af) contains 98.% of the power indicating a good

approximation to the main bea®imilarly, the fundamental mod@\f) contains 98.%2

of the pover at the lower edge and 9%cGt the upper edge of the band indicating a good
approximation to the main bearway from the central frequency.

0.016 2
0014 boiaro
0g%2 Reconstructed 1.5
0.01
w 0.008 1
0.006
0:004 05 0/180
0.002 90/270
0 0 Reconstructed
r(mm) r(mm)

Figure3.14. Comparison of th reconstructed (green) amplitude (|E|) (left) and phase (right) with
CylindricalSCATTER predictions of the amplitude and phase at the horn aperture at 8fgls0®
(blue)and 90*/ 270" (orang@ at 76 GHz
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The beam was also m@astructedusing Gaussian Beam Mode Analysts7 GHz and 86

GHz as shown irFigure3.15 andFigure3.16

0.014 0.014
= (0/180

e 00/270
Reconstructec

Reconstructed

|EI
|EI

0
-10 -5 0 5 10 @ -10 -5 0 5 10
r(mm) r(mm)

Figure3.15: Comparison of the reconstructeahglitude (|E|) (green) with Cylindrical SCATTER

predictions of the amplitude at the horn aperture at anffel180™(blue)and 90*/ 270" (orangé at
67 GHz (left) and 86 GHz (right)

1 —=—0/180 45 | ===0/180
= 90/270 e 90/270
05 Reconstructed Reconstructed
-2
-10 -5 0 5 10
r(mm) r(mm)

Figure3.16: Comparison of the reconstructed phase (green) with CylindricalSCATTER predictions of the

amplitude at the horn aperture at angl@’s/180"(blue)and 90*/ 270" (orangé at 67 GHz (left) and 86
GHz (right)
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Figure3.17: Fafield co-polar radiation pattern cuts@at 7t Bt vhd at 76 GHz with a truncated Bessel

beam.

Figure 3.17 contains the c@ola radiation patterns ithe fafield for the centre of the

band as well as a plot oh@quivalent truncated Bessel beam.

3.5.3 Profiledhorndesign
The compact horn design that was chosen for investigation was based on a\dbnston
profile as developed for the 150 GHz channellen@IOVER Bmode CMB experiment
by B.Maffei Maffei, 200Q. The profile was rscaled for 75 GHz and is shownRigure
3.18(left).
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Figure3.18. CIOVER Horn at 3GHz (Left). The aperture fields taken at various diRight) (blue line
corresponds to a cut takenmat T Ip Y Todeenatn  w TG X T@dd orangatin T ufd ¢ Y J

As before, thanode matching softwar€glindricalSCATTER)was used tanodel the
system and piduce plots of the aperture field at various azimuthal. dtitgire 3.18
(right) shows the beam at the aperture at 75 GHz as produced by the mode matching

software.Figure3.19 displays the copolar and crosgolar radiation patterrst 75GHz
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0%/180"
454/ 225
90*/ 270"
— Crosspola

Figure3.19: Fafield co-polarand crosgolarradiation pattern cuts & 1t 3p Y fr Jufd ¢ bodriFd x 1t J
at 75GHz

The beam radius asfirst estimatedusing the visual methoghs outlinedn the design
procedure for the wider aperture horfifie Gaussian beam mogdarameterat 75 GHz
aregivenin Table3.8 below. It can be seen that the waist of the beam lies very close to

the horn aperture

Frequency W R Wo z )4
(mm) | (mm) | (mm) | (mm) | (mm)
75GHz 6.69 670 | 6.68 | 1.84 | 4.00

Table3.8: Gaussian Beam Mie parameters

Table3.9 shows the higheorder mode content in terms of symmetric Lagu€aeissian

beam modes.

n 0 1 2 3 4 5 6

A(n) 0.9913 | 0.0025| 0.1145| 0.0387 | 0.0196 | 0.0320| 0.0185
Table3.9: Modal coefficients at the centre of the band

The fundamental mode(Af) contains 98% of the power indicating a good

approximation to the main bea@nce all of the Gaussian Beam Mode parameters were
known, theGaussicity was calculated to be 9.2The fields were then reconstructed
using Gaussian Beam Mode Analydibe amplitude and pka were reconstructed at 75

GHz and are shown iRigure3.20.
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Figure3.20: Comparison of the reconstructed (green) amplitude (|E|) (left) and phase (right) with

CylindricalSCATTER predictions of the amplitude and phase at the horn aperture at afigs0"

(blue)and 90*/ 270" (orang@ at 76 GHz

Table3.10 below summarises the performance of the corrugated horns at 76 GHz for the

case of the standard corrugated horns and at 75 GHz fprafied horn

Wider Narrower | Profiled
Gaussicity 98.1992%.| 98.1589%. 98.2467%.
Power in 97.995% | 98.075% | 98.096%
fundamental mode
Cross-polarisation -56 dB -47 dB -43 dB

Table3.10: Summary of corrugated horn performance

The main advantage of theinston profile is that it should be more compact.

3.6 Tolerance Analysis

In this section, we investigate the possibility ladw imperfections arising from the
manufacturing processould affect the beam patterns. This study was carriedayut
bothwider ard narrower aperture conical corrugatexnsdescribed irSection 3.5The

horns were manufactured by electroforming on a mandril (negative shape of horn) milled
on a lathe.

Deviationsfrom the ideal desigin the radii of the sections making up the horerev

investigated as this was most likely to be the source of@thmugh the longvavelength
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of design operatiomeant these were not relatively largerandom number generator

was used to generdtiee random errorbetween gjiven positiveandnegatiwe tolerance
value.Thus, with each tolerance value, a new geometry file for the horn was created. The
tolerance values were used to investigate th@atar and crospolar farfield beam
patterns ab number ofpot frequencies across tbgeratingbandof the horn(67 GHz,

76 GHz and 86 GHz).

Figure3.21to Figure3.24show the effect of tolerance errordbfl 5 , e300 , 650 m
andN 1 0 0 applied to the radii of the hus. This effect was investigated for the two
standard corrugated horns but nloé tcompact design profiled horn (as this was not

chosen for further investigation due to the complexity of manufacture).
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Corrugated horn with wider aperture (30 mm)

°15m(r . m.s. = 8 °30m(r . m.s. = 1
Off-Axis angle (degrees) 76 GHz Off-Axis angle (degrees)
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Figure3.21: Co-polar and crospolar fafield patterns a?6 GHz (top), 67 GHz (midd)eand 86 GHz

(bottom) with a tolerance oftl 5
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Figure3.22: Co-polar and crosgolar fafield patterns at6 GHz (top), 67 GHz (middle) and 86 GHz

(bottom) with a tolerance af50  gleft) and+1 0 O (right)
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Table3.11 summarises the results of the tolerance analysis in terms of thepotass
power. The maximum crogmlarisationlevel below the cgoolar maximumis displayed
for thethree spot frequencies at every tolerance value as well as the values produced by

the original design.

67 GHz| 76 GHz | 86 GHz
Original | -44dB | -56dB | -45dB
°15me¢g -44dB | -52dB -48 dB
°30me¢g -45dB | -46dB -43 dB
°50meg -40dB | -42dB -36 dB
°100n | -29dB | -27dB -27 dB
Table3.11: Maximum crosspolarisation resulting from deviations in horn section radii

In terms of the cgolar beam patterns, the beam remaimghly symmetric for
tolerancing errors betwedd1 5 aadii3 0 . At 5 0 we imegin to notice some
asymmetries in the sidelobes at 86 GHz arld 4t0 0 weebgyin to see asymmetries in
the main beam at 76 GHz, and-a0 dB for 67 GHz and 86 GHHowever, the effects

on the beam are negligible.

Corrugated horn with narrower aperture (18.8 mm)

Following the same procedure as for Wider aperturénorn, the tolerance values were
used to investigate the gmlar and crospolar farfield beam patterns at some spot
frequencies across the band (67 GHz, 76 GHz and 86 GHz) dBtBenm aperture

radius hornThe resulting beams are showrFigure3.23 andFigure3.24.

107



Chapter 3:
QuastOptical Propagation and the Design of a 4mm Receiver for the Onsala Space

Observatory
°15m(r . m.s. = 9 °30rm(r . m.s. = 1
Off-Axis angle Gegrees) 6 GHZ. Off-Axis angle (degrees)
F 20 40 -40 F 20 40

-0 | (dB)

| (dB)

86 GHz

-40 -20

f =0%/180" f = 452258 f =90% 270" crosspolar
Figure3.23: Co-polar and crosgolar fafield patterns at6 GHz (top), 67 GHz (middle) and 86 GHz

(bottom) with a tolerance afl 5 (feft) and+3 0 (gight)
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Figure3.24: Co-polar and crosgolar fafield patterns at6 GHz (top), 67 GHz (middle) and 86 GHz

(bottom) with a tolerance af5 0 @eft) and+1 0 O (right)

Table 3.12 summarises the results of ttierance analysis in terms of the crpsdar
power. The maximum crogmlarisatiorbelow the oraxis cepolar levelis displayed for
the three spot frequenciesthe various tolerancingalues as well as théevels for the

original design.
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