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SUMMARY

Wideband Integrated Lens Antennas for Terahertz Deep Space Investigation

The Terahertz (THz) band is the portion of the spectrum that covers a frequency range
from 300 GHz to 3 THz. The potential of this band has been proven for numerous type of
applications including medical imaging, non-destructive testing, space observation, spec-
troscopy and security screening, thanks to its good compromise between the spatial res-
olution and penetration. Most of these applications demand for high spatial and range
resolution of the images, as well as fast acquisition time. To fulfill such requirements, focal
plane arrays (FPAs) need to comprise a large number of elements and be able to operate
over broad bandwidths. Moreover, fabrication of the FPAs with thousands of antenna
elements becomes a real issue at such frequencies due to the fabrications constraints and

immense manufacturing costs.

This doctoral thesis consists of two parts: Part I focuses on the design of the lens antennas
using a multiple feed per lens scenario, specifically aiming at imaging for security and the
telecommunication systems as potential applications. The aim of the study is to design
integrated lens antennas to achieve frequency stable radiation characteristics either to ob-
tain an efficient reflector illumination or to be used directly as an imager over a wideband
operation, typically more than one octave. In the literature, double slot antennas have
been widely proposed as an efficient lens feeder, yet they are able to operate within a very
narrow bandwidth, in the order of 10 — 15%. Due to its wideband characteristics con-
nected array of leaky slot antenna concept has been used as a lens feeder. Depending on
the application type, two different approaches have been implemented to achieve frequency
independent lens radiation: A coherently fed connected leaky slot array based design with
a traditional extended hemi-spherical lens for phased array antenna applications and an
integrated double shell lens based design where each source element is associated to an

independent beam for telecommunication and security systems.

Part II of the thesis focuses on a single feed per lens scenario, specifically aiming at Ter-
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ahertz (THz) astronomy applications. Such applications mostly require antennas consist
of multi-pixels with large operational bandwidths. Many of the sub-mm wave instruments
done for this kind of applications are envisioned to have large format focal plane arrays
(FPA) that are based on single beam per feed and tight sampling and are coupled to re-
flector systems with large F'/D ratios. Future satellite based, astronomic THz radiometers
will be most likely based on cryogenically cooled detectors to reach the highest sensitivi-
ties, will consist of tens of thousands receivers to provide a broad field of view and could
address simultaneously a broad portion of the THz band. Several type of reflector feeds
have been proposed in the literature including the Vivaldi antennas, horn antennas and
the eleven antennas. These antennas, however, are typically optimized to maximize the
reflector illumination efficiencies as a single reflector feed. As a result, they suffer from
the feed taper efficiency which is crucial to characterize the total system performance for
tightly packed FPAs. No need to mention about the feasibility issues when it comes to the
fabrication of the thousands of array elements with the manufacturing techniques available
nowadays in sub-mm band. Integrated lens antennas, on the other hand, are widely used in
sub-mm band since they allow the integration of the antenna and the detector on the same
chip. Space instruments based on cryogenic power detectors often use focal plane arrays
based on dielectric lenses. In the literature, the most commonly used lens feed is a double
slot antenna, which typically operates in a bandwidth much less than one octave and with
single polarization. Sinuous and spiral antennas have been also proposed as wideband lens
antenna solutions. However, the fabrication of the feeding lines integrated to the antenna
becomes challenging at sub-mm band since they have to be extremely tiny in order not
to disturb the radiated fields. To overcome these issues, we propose a highly efficient,
dual-polarized wideband leaky lens antenna design that can be integrated to planar feed-
ing lines on the same chip. To our knowledge, the proposed design is the only practical
wideband dual polarized antenna solution presently available at sub-mm wave frequencies
which lends itself as an extremely useful alternative for next generation sub-mm wave space
astronomical instruments.



SAMENVATTING

Breedband Geintegreerde Lens Antennes voor Terahertz Ruimte Onderzoek

De Terahertz (THz) band is dat gedeelte van het spectrum dat de frequenties van 300 GHz
tot 3 THz bestrijkt. Het potentieel van deze band is bewezen voor talrijke toepassingen
waarbij te denken valt aan medische beeldvorming, niet-destructief onderzoek, ruimteon-
derzoek, spectroscopie en veiligheidscontroles. Het potentieel ligt in de balans tussen res-
olutie en de penetratie van sommige objecten. De meeste van deze toepassingen vereisen
een hoge ruimtelijke resolutie en een snelle acquisitietijd. Om aan dergelijke eisen te kun-
nen voldoen moeten antennestelsels die het brandvlak bestrijken (FPAs; English: Focal
Plane Arrays) bestaan uit een groot aantal elementen. Daarnaast moeten ze over een
brede frequentieband kunnen opereren. De fabricage van FPA‘s wordt bovendien een echt
knelpunt op THz frequenties vanwege de beperkingen in het fabricageproces en daardoor

ook immense productiekosten.

Dit proefschrift bestaat uit twee delen. Deel I richt zich op het ontwerp van lensantennes
waarbij gebruik gemaakt wordt van meerdere sensoren per lens. Dit deel richt zich vooral
op de potentiele applicaties met betrekking tot veiligheidscontroles en telecommunicatiesys-
temen. Het doel van deze studie is om geintegreerde lensantennes te ontwerpen met een
frequentie-stabiel radiatiepatroon. Deze stabiliteit is nodig om de reflector efficiént te kun-
nen belichten ofwel om direct als een camera te gebruiken die operationeel is over een brede
frequentieband, vaak meer dan een octaaf. In de literatuur zijn dubbele-sleufantennes vaak
aangedragen als efficiénte lens-belichters. Deze antennes hebben echter een smalle band-
breedte welke in de orde is van 10-15%. Een verbonden stelsel van doorlatende sleufan-
tennes wordt daarom gebruikt als lens-belichting vanwege de breedband eigenschappen.
Afhankelijk van de toepassing zijn twee verschillende strategieén geimplementeerd om de
lens onafthankelijk van de frequentie te belichten. Voor fase gestuurde antenne toepassingen
wordt een traditioneel verlengde half bolvormige lens belicht door een verbonden stelsel

van doorlatende sleuven die coherent gevoed wordt. Voor veiligheids- en telecommunicatie
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systemen wordt een geintegreerde dubbelschil lens ontwerp besproken waarbij elke voed-

ingselement is geassocieerd aan een stralingspatroon, elk onafhankelijk van elkaar.

Het tweede gedeelte van de thesis richt zich op het scenario waarbij er één pixel per lens
wordt gebruikt en focust voornamelijk op THz-astronomie toepassingen. Deze toepassingen
vereisen vaak antennes in het brandvalk met meervoudige stralingsbundels, welke boven-
dien een grote operationele bandbreedte hebben. Veel van de bestaande sub-mm golf
instrumenten die zijn ontwikkeld voor dit soort applicaties zijn beoogd voor grote FPAs
die gebaseerd zijn op een enkele bundel per antenne met een hoge dichtheid van de antennes
in het stelsel. Het antennestelsel is vervolgens gekoppeld aan een reflectorsysteem met een
grote F/D ratio. Toekomstige astronomische radiometers, geplaatst op satellieten, zullen
hoogst waarschijnlijk gebaseerd zijn op cryogeen gekoelde detectoren om de vereiste sensi-
tiviteit te behalen. Ze zullen tienduizenden ontvangers hebben om een breed gezichtsveld
te hebben en tegelijkertijd in een groot portie van de THz-band opereren. Verschillende
types van reflectorantennes worden voorgesteld in de literatuur, inclusief de Vivaldi an-
tennes, hoorn antennes en Eleven-antennes. Deze antennes worden echter geoptimaliseerd
om de reflector illuminatie efficiéntie te maximaliseren wanneer zij als een enkele reflec-
torsensor worden gebruikt. Als resultaat van deze optimalisatie is de taper efficiéntie vaak
erg slecht welke cruciaal is om de totale systeem prestatie te karakteriseren voor stelsels
met een hoge sensordichtheid. Verder zijn er verscheidene problemen bij het fabriceren
van duizenden antennestelsel elementen met de huidige fabricatie technieken voor de sub-
mm band. Aan de andere kant worden geintegreerde lens antennes wijd gebruikt in de
sub-mm band aangezien het mogelijk is om de antennes en de detectoren op dezelfde chip
te integreren. Ruimte-instrumenten die gebaseerd zijn op cryogene vermogens detectoren
maken vaak gebruik van antennestelsels gebaseerd op dilektrische lenzen. In de literatuur
is de meest gebruikte lens antenne de dubbele-sleuf antenne, welke normaal gesproken
gebruikt maakt van een bandbreedte veel lager dan een octaaf en tevens een enkele po-
larisatie heeft. Kronkelige (English: sinuous) en spiraal antennes zijn ook voorgesteld als
breedband lens antenne oplossing. Echter wordt de fabricatie van de ge integreerde voed-
ingslijnen uitdagend in de sub-mm band aangezien ze erg klein moeten zijn om niet de
uitgestraalde velden te verstoren. Om deze problemen te overkomen stellen we een erg
efficiénte, tweevoudig gepolariseerde breedband leaky-lens antenne voor. Dit ontwerp kan
worden geintegreerd met planaire voedingslijnen op dezelfde chip. Naar ons weten is het
voorgestelde ontwerp de enige praktische breedband, tweevoudig-gepolariseerde, antenne
oplossing die op dit moment verkrijghaar is voor sub-mm golf frequenties. Daarmee leent

het zichzelf als een extreem bruikbaar alternatief voor de volgende generatie sub-mm golf



X

ruimte-astronomische instrumenten.
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CHAPTER 1

FRAMEWORK FOR THE THESIS

Despite the recent discoveries in sub-mm band astronomy, according to the astronomers
many sub-mm galazies (SMGSs) that are enshrouded by the cosmic dust are still hidden to
state-of-the art technology. These dusty galaxies cannot be observed by optical telescopes
whereas they can be detected by using terahertz astronomy (See App. A). Therefore, the
need to develop advanced terahertz cameras with improved sensitivity and resolution capa-

bilities arises.



2 1. Framework for the thesis

1.1 FRAMEWORK OF THIS THESIS

This thesis work has been performed in the THz Sensing Group of TU Delft, where Applied
Electromagnetic (EM) experts, astronomic Instrumentation specialists and astronomers
collaborate to the goal of pushing the state of the art of EM based, space oriented in-
struments. The funding for this work was in the frame of ERC Grant number 278794
“Advanced Antenna Architecture for THz Sensing Instruments”, AAATSI, with Prof. An-
drea Neto as Prime Investigator. The goal of the project was to develop breakthrough

antenna technology to revolutionize THz imaging.

The astronomic instrumentation component of the group is driven by official collaboration
that the THz Sensing Group has with SRON (Netherlands Institute for Space Research).
SRON is one of the few world power houses in sub-mm wave detector technology with its
position set by the driving role in the development of the HIFI instrument for the Herschel
observation satellite. In the last decade most of the research developed by SRON in the field
of sub-mm wave space science has been driven by the prospected Japanese mission SPICA
(Space Infra-Red Telescope for Cosmology and Astrophysics telescope). In fact it has been
proposed that Europe would support an imaging spectrometer, SAFARI, and this is being
developed under the leadership of SRON. SAFARI is an infrared camera with about 6, 000
pixels that can make real “photos” of the sky in three adjacent wavelength areas. Using a
Fourier Transform Spectroscopy (FTS) detailed spectral information is obtained, allowing
astronomers to determine the chemical composition of the observed celestial sources. One
of the key requirements for SAFARI is that it should be a back- ground limited instrument.
Its detectors should be so sensitive that their functioning does not introduce significant
noise equivalent power (NEP) when compared to the fluctuations intrinsic to the incident

fields. These fluctuations are thermally generated by the investigated celestial objects.

The THz Sensing group has been developing Imaging Arrays and Integrated Spectroscopic
Sensors for a number of years in preparation for SAFARI or SAFARI like instruments.
These investigations have been performed in the framework of a number of projects, which
will be soon described, that present a few common requirements that are particularly chal-

lenging from the electromagnetic design point of view. The common requirements were:

e Arrays of detectors with extreme sensitivities (well beyond the state of the art)

e Large relative frequency bandwidth (well beyond the state of the art)

Given these clear needs, a task has been created within the AAATSI project to develop

wide band array architectures for THz space born investigations. This task results in this
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PhD thesis.

The first requirement (array sensitivity) has been tackled by our physicist colleagues, in-
vesting in Kinetic Inductance Detectors (KIDs) : these, to date, represent the most sensitive
detectors suited to be deployed in large array configurations [1]. The “dark” NEPs of KIDs
(that is the NEP that they achieve when not coupled to the quasi optical front end) have
been sufficient for SPICA like missions since almost 10 years now, in [1] a dark NEP in the
order of 3 x 1078 W/ V'Hz was shown. However, the “optical” NEP is the real parameter
on which the detector sensitivity is evaluated. That is the NEP including a possible loss
of efficiency due to electromagnetic coupling of radiation to the detector. The “optical”

NEP enters defines the imaging speed that a background limited instrument can achieve.

The second requirement, large frequency bandwidth, becomes challenging when taken to-
gether with the requirement of high coupling efficiency. The state of the art of sub-mm
wave front ends with high efficiency is represented by the twin slot [2] of a bandwidth
of about 10% was reported. Evolved versions of the twin slot have been also proposed
in [3], [4]. Although these antennas were reported as being able to operate within larger
bandwidths, they suffer from the quality of the beam patterns. With this work, possibly
the state of the art has been pushed one notch higher, with high efficient sub-mm wave

quasi optical front ends exceeding one octave, (66%).

The availability of octave bandwidth efficient front ends should be an eye opener for future
infrared mission planners. In fact the main parameters planners looked at are angular
resolution and imaging speed. The resolution depends only from the focusing capacity of
the telescope, which to a large degree is a mechanical requirement associated to its size.
However, the imaging speed that a background limited instrument can achieve is directly
proportional to the (bandwidth x efficiency) of the front end. Consequently the portion of
sky that can be imaged in the life time of the mission largely depends on this bandwidth
x efficiency product. Moreover it should be noted that even if an octave has been taken
as a driver for the present thesis, no show stoppers have emerged and it is apparent that
if astronomers found it necessary, arrays with much larger frequency bandwidth would be

easily designed with only limited toll on the achieved efficiency.

1.2 SIMULTANEOUS PROJECTS

The projects that have been running, within the THz Sensing Group, simultaneously to
the present thesis are SPACEKIDs (European Commission FP7 [5] project), A-MKID (Eu-
ropean Research Council project-ERC Starting Grant [6]) and DESHIMA (NWO VIDI
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project [7]). These projects constitute steps toward a higher Technology Readiness Level
(TRL) for the KID technology, mastered for a long time by Dr. Jochem Baselmans at
SRON and more recently also at TU Delft. All these projects served slightly different
observatory driven requirements. SPACEKIDs addressed the use of KID technology in
satellites for deep space or earth observations. A-MKID and DESHIMA are instead in-

struments for ground space telescopes.

1.2.1 KINETIC INDUCTANCE DETECTORS

New generation THz space instruments require arrays of thousands of detectors to have
a large Field of View (FoV). Despite advances in high sensitivity detectors, [8], [9], array
scaling for conventional technologies is strongly limited by the difficulty in reading out
simultaneously many pixels (i.e. multiplexing). Kinetic Inductance Detector (KID) ar-
rays have solved the multiplexing challenge maintaining the high sensitivity associated to
superconducting detection technologies. To this regard one can note that the A-MKID
project [10] showed arrays with about 25k elements based on KID technology.

KIDs [11], [12] can be used to relate the intensity of the incoming THz radiation to the
resonance frequency of a microwave resonator. The incoming THz radiation, after being
captured by an antenna, is channeled in a transmission line. This transmission line, besides
supporting the propagation of THz signals is also a portion of a GHz frequency supercon-
ducting resonator whose propagation properties are dependent on the number of Cooper
pairs per unit of volume. At low temperatures, most of the electrons are attracted to each
other to bound in Cooper pairs in a superconductor. When there is no field applied, these
pairs have zero center of mass momentum. In the presence of an incoming field, the pairs
get accelerated both in the same direction since they are both charged, yet the center of
mass momentum is no longer zero. As a result, the incoming radiation, depending on its
spectral content, may break some of the Cooper pairs into quasi-particles. To break the
Cooper pairs, the incoming radiation must have an energy that is greater than the binding
energy. For each material there is a different energy gap to break a pair.

The binding energy is twice as higher than the energy gap of a superconductor, A, and
is in the order of 3.52kgT, for T' << T, where T, is the critical temperature of the super-
conductor that is required for the electrons to be bound in a Cooper pair. KIDs measure
changes in the quasi-particle population that occur within the volume of a superconduct-
ing film when an EM wave of frequency higher than the threshold frequency, f = 2A/h,
is absorbed. Fig. 1.1 clearly shows the presence of the threshold frequency, being about
320 GHz for a superconductor which is made of Tantalum [13]. For Aluminium (Al) this
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Figure 1.1: Power absorption of a Tantalum superconducting transmission line clearly showing the thresh-

old frequency required for the absorption [13].

frequency is a bit lower, being about 90 GHz [14], whereas it becomes higher for Niobium
(Nb), about 670 GHz [15]. As a result of the increment in the quasi-particle population,
there is an alteration in the complex impedance of the film related with the increase of the

kinetic inductance, L, and the loss.

In practice, the variation Lj is so small that, in order to be detected, the film must be
fabricated in a microwave resonance circuit with a very high quality factor (Q factor). To
create high ) microwave resonators from superconducting films, usually distributed half-
wave or quarter wave resonators based on coplanar-waveguide (CPW) structures are used.
The resonator is then coupled to a readout line. Figure 1.2 shows a picture of the KID
resonator coupled to a planar antenna (a double slot in this case) together with its readout

line.

At the resonance frequency, the resonator would normally provides a sharp transmission
null in the readout line, readable in the Sy characteristic. The THz signal incidence can
be observed as a shift of the null in the Sy; parameter, with the dip moving to lower fre-

quencies, becoming broader and shallower.

The anticipated potential for multiplexing of KIDs relies on fabricating more resonators
with slightly different lengths so they can be read out with a train of microwave frequencies.

Each of these resonators can be coupled to different antennas or absorbers to form multi-
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Figure 1.2: Picture of an antenna coupled A/4 KID resonator (Single-pixel).

pixel imaging cameras with high sensitivity. Introducing an external coupling system (e.g.
silicon lenses) [16] improves the coupling efficiency to a telescope. In this thesis planar
radiators, double slot or leaky lens based antennas, will be integrated with the KIDs in
order to achieve antenna-coupled KID cameras with thousands of pixels. A schematic of an
antenna-coupled KID array that is located at the focus of the silicon lenses is highlighted
in Fig. 1.3.

In realistic spaceborne applications, the focal plane of a telescope would host a lens array
in which the incoming THz radiation is coupled. Since the number of pixels is anticipated
to be very high, the focal distance to diameter (F//D or f.) ratio of the telescope will also
be very high to avoid the degradation of the off-focus beams [17].

1.2.2 DESHIMA ProJEcT (NWO VIDI GRANT 639.042.423)

Normal cameras can produce only 2D images of the sky. This is how the sky appears to the
human eye, and it implies that the third dimension, distance, along the line of sight is lost.
To compensate for the lack of the third dimension, the optical information intensity needs

to be complemented with another type of information: its spectral content distribution.



1.2. Simultaneous Projects 7

Silicon lens

Antenna couple KIDs
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Figure 1.4: DESHIMA instrument is planned to project also the 3" dimension corresponding the distance,
and therefore the age of the SMGs [18].

It is well known that certain molecules radiate and absorb at predefined frequencies: for
instance still COy molecules resonate at 1.9 THz. However, when molecules move away
from an observer, the observed frequency of this radiation is shifted to lower values, due to
the well known Doppler effect. Physicists call this as redshift. This means that observing
a certain spectral line in different angular directions, may provide information about the

speed at which the universe is expanding in those directions.

Within the THz Sensing Group an instrument dedicated to such type of observations is
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being developed by Dr. Akira Endo and Ing. David Thoen. DESHIMA (Deep Spectro-
scopic High-redshift Mapper) is a novel instrument aiming at discovering tens of thousands
of sub-mm wave galaxies (SMGs) and their distances [18]. As a result the instrument will
be able to create a 3D map of the SMGs which could provide an enormous amount of
information to astronomers about the formation and the evaluation of stars and galaxies.
Beyond that, such an observation might even enable to observe giant webs and strings
made of SMGs, which trace dark matter distribution. The instrument is mainly developed
to perform the measurement of dusty redshift galaxies (also called as sub-mm galaxies) [19].
Standard application of DESHIMA instrument can be listed as [18]:

e Redshift measurements of high-redshift galaxies

e Line survey of distant galaxies

e Sensitive spectroscopy starbust galaxies

e Multi-line spectral mapping of galactic star forming

Technically, DESHIMA is an instrument which targets to cover the entire frequency band
from 326 GHz to 905 GHz. An integrated superconductor filterbank made of NbTiN/Al
hybrid MKID integrated chip is used in the instrument. The on-chip filterbank illustrated
in Fig. 1.5 is the key technology of the DESHIMA instrument. It distinguishes the incom-
ing radiation by their unique wavelength and distributes them into the detectors which
have relevant frequency. This is achieved by using superconductor resonators as narrow
pass band filters. The detectors located at the output of the filters are known as Kinetic
Inductance Detectors (KIDs) and they are also superconductor resonators. With respect
to the filter banks, the detector filters actually absorb the sub-mm wave signal, which leads
to a quantification of the pertinent spectral component. Only one antenna captures all the
sub-mm wave signals, and it has to be integrated with filters and detectors. The antenna
will have to operate within the entire large bandwidth, which in relative terms is roughly

in 1: 3. This is one of the most challenging and important aspects of the instrument.

1.2.3 A-MKID PROJECT

As anticipated large imaging arrays with high sensitivity as well as large FoV for high

spatial resolution will be needed in future imaging instruments.

Within the THz Sensing Group such imagers have been developed by Dr. Jochem Basel-

mans. The development of the A-MKID instrument is in fact a collaboration between TU
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Figure 1.5: Tllustration of the on-chip filter bank designed for DESHIMA [18].

Delft, SRON and the Max Planck Institute for Radio Astronomy. The instrument will be
deployed at the APEX telescope, in Chile. It will be based on the use of large-format an-
tenna coupled MKID arrays covering, with two separate arrays, two atmospheric windows
centered at 350 GHz and 850 GHz. The instantaneous field of view on the sky is 15 x 15
degrees. Having ~ 16k pixels for the high frequency array and = 3500 pixels for the low
frequency array, the A-MKID instrument is planned to be the largest submillimeter-wave
camera on any telescope ever. The large number of pixels is essential in taking rapid snap-
shots with high angular resolution and high dynamic range. Among the scopes of A-MKID
will be the growth of the cosmic web under the influence of dark matter, the evolution of
galaxies throughout the cosmic history, and how dense molecular clouds form new stars,

while interacting with larger structures on the galactic scale.

1.2.4 SPACEKIDs ProJect (FP7 GRANT 313320)

The purpose of the SPACEKIDS project, just finished as this document is being redacted,
was to develop and demonstrate the capabilities and the suitability of Kinetic Inductance
Detectors for use in future space science and Earth observing missions working at far in-
frared to millimeter wavelengths. Within the THz Sensing Group the key persons were
Dr. Nuria Llombart, Dr. Jochem Baselmans and Dr. Juan Bueno. Besides the TS Group
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Table 1.1: SAFARI Instrument frequency bands

SAFARI Bands

:_ ————— FIR Instrument
Parameter Band 2 Band 1 " Band 0 |
1 1
Band center A7 85 ! 160 |
(um) , |
Wavelength 1 1
range 34-60 60-110 ! 110-210 :
(pm) : I

—— = —

the project brought together world-leading groups from several European countries, to
“consolidate and extend Europes expertise and capabilities in state-of-the-art far infrared

detectors and instrumentation” .

The real goal of the project was to prepare an instrument for the anticipated Japanese
SPace Infrared telescope for Cosmology and Astrophysics (SPICA) mission. This satel-
lite, having a large cold telescope cooled to only 6 K, will provide a unique environment
where instruments are limited only by the cosmic background itself. A consortium of Eu-
ropean and Canadian institutes has been established to design and implement the SpicA
FAR-infrared Instrument (SAFARI) an imaging spectrometer designed to fully exploit this
extremely low far infrared background environment provided by the SPICA observatory.
SAFARI will be an imaging Fourier Transform Spectrometer (FTS) designed to provide
continuous coverage in photometry and spectroscopy from 34 to 210 pm. The instrument
is anticipated to be divided into three bands as highlighted in Table 1.1. In order to cover
the full 34 to 210 pm wavelength range the SAFARI detector system utilizes three large-
format detector arrays, [20], [21].

In this thesis, and in the framework of the SPACEKIDS project, we considered an instru-
ment envisioned to operate over an octave bandwidth, from 1.4 to 2.7 THz (Band 0), and
coupled to a telescope with F//D > 10 with tight feed samplings (< \gF'/D).

1.3 THESIS GOAL

The objectives of the thesis are given below:

e Integrated single lens antennas: Multiple feed per lens scenario

Part T of this thesis focuses on the design of the lens antennas using a multiple feeds

per lens scenario. The aim of the study is to design integrated lens antennas to
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achieve frequency stable radiation characteristics to achieve efficient reflector illu-
mination with a wideband operation, typically more than one octave. Due to its
wideband characteristics, the connected array of leaky slot antennas have been used

as lens feeder. The design is aiming at the Deshima project as a possible application.

Two different approaches have been implemented to achieve frequency independent
reflector feeder beams: A coherently fed connected array design with a traditional
extended hemi-spherical lens and a double shell lens design integrated into an array

where each source element is associated to one beam.

e Integrated focal plane array antennas: Single feed per lens scenario

Part II of the thesis focuses on a single feed per lens scenario. Integrated lens ar-
ray designs aiming at tightly packed focal plane array applications are presented
for two specific scenarios: Ground based observation and Space based observation.
Starting with an introduction chapter providing a brief discussion on the imaging
speed for tightly spaced focal plane arrays, three antenna designs are presented for
SPACEKIDs, A-MKID and SAFARI projects. Two antenna concepts have been used
in the designs depending on the scenario: A double slot based design for Earth ob-
servation, and a dual polarized wideband leaky lens based design for SAFARI-like

space observation scenario.

1.4 METHODOLOGY

In Part I, where we focus on single lens antennas with multiple feeds, the lens dimensions
are typically large in terms of the wavelength. Therefore, the lens surface can be assumed
to be in the far-field region. Using a full-wave 3D electromagnetic (EM) solver to simulate
the entire lens structure is computationally too demanding or even unfeasible. Moreover,
many of such simulations are needed whenever an optimization of the lens and the feeds
is required. For this reason, an in-house Physical Optics (PO) tool has been used in the
lens analysis in order to perform fast simulations with acceptable accuracy. The details of
the tool can be found in [22]. It is important to note that the Fresnel transmission and
reflection coefficients do not describe well the radiation when the incident field impinges
on the lens interface with angled close or larger than the critical angle. However, in Part I
we consider enhanced leaky slots as antenna elements used to feed the lens. These antenna

feeds provide directive beams [23], so that mainly the upper part of the lens is illuminated,
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whereas low-intensity fields impinge close to total reflection angle.

Part II of this thesis, on the other hand, deals mostly with scenarios with a single feed per
lens, which typically require relatively small lens dimensions in terms of the wavelength.
It is well know that PO methods cannot provide enough accuracy for structures that have
electrically small dimensions and a more detailed approach should be implemented, e.g.
in [24], [25]. For this reason, we use a 3D full-wave simulator (CST Microwave Studio [26])

to characterize small lenses in terms of the their radiation patterns and aperture efficiencies.

1.5 OUTLINE OF THE THESIS

The thesis is organized in eight chapters of which address several aspects of the analysis,
the design and the experimental validation the proposed antenna concepts. A brief sum-

mary about the contents of each chapter is as follows:

Part I studies integrated single lens & multiple feed antenna solutions to achieve efficient

reflector illumination within a wide operational bandwidth.

e Chapter 2 ! focuses on the characterization of a broadband array of leaky-wave slots
located in the focal plane of a dielectric lens by means of performing a parametric
analysis, such as varying the extension length and the off-axis distance. The array
is able to generate several independent beams to be used for imaging applications
within a large bandwidth, namely over a band exceeding 1 : 4. The main goal of the
chapter is to provide some useful design guidelines for the connected array of leaky

slot integrated lens antennas.

e Chapter 3 2 presents the design of a coherently fed leaky lens antenna specifically
aiming at the DESHIMA project. Thanks to the coherent feeding concept the design
is able to generate frequency-independent beams for efficient reflector illumination
with a stable reflector efficiency for a bandwidth exceeding 1 : 3. Although the chap-
ter focuses on a LF prototype, the design can be easily scaled to the DESHIMA band.

IPart of the content has been reported in [J2] (see p. 199)
2The content has been reported in [J3] (see p. 199)
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e Chapter 4 3 provides an alternative design with respect to the concept presented in
Chapter 4 to achieve frequency independent beams over a wide bandwidth. In this
preliminary study, we present a design based on the integration of a connected array
of leaky slot antenna to a double shell lens which is able to generate frequency stable

beams within a large bandwidth, typically about one octave.

Part II focuses on the integrated lens antenna designs aiming at a single feed per lens

scenario to be used for tightly sampled Focal Plane Array (FPA) applications.

e Chapter 5 focuses on the scenario of antenna coupled KIDs. It provides a brief
information on the direct detection FPAs and investigates the imaging speed for

Earth and space based astronomical applications.

e Chapter 6 discusses the double slot based antenna solutions for SPACEKIDs and
A-MKID projects. Taking into account the antenna material stratification (e.g. the
kinetic inductance and thickness of the ground plane), we perform a parametric study
to provide some design rules for sub-mm double slot antennas coupled to MKIDs
and provide the dedicated designs. Beam patterns and antenna coupling efficiency

measurements provided by SRON are also shown in the chapter.

e Chapter 7 * proposes a wide-band dual-polarized leaky lens antenna concept that
is suitable for tightly packed FPA applications with large f. reflectors, specifically
for SAFARI-like scenario. The proposed design is able to operate within a 1 : 5
bandwidth and provides superior antenna aperture efficiencies compared to state-of-
the art reflector feeds. Experimental validation of the radiation patterns and antenna

optical efficiency obtained by SRON at sub-mm band are included in the chapter.

e Chapter 8 provides concluding remarks about the results achieved in the thesis and

the planned future work.

3This work has been carried out during the six months research activity within the framework of
NEWFOCUS Grant [27] at Instituto de Telecomunicaces in Instituto Superior Técnico (IST), Lisbon,
Portugal. The author thanks to Prof. Dr. Carlos Fernandes and Prof. Dr. Jorge Costa for their

hospitality and the collaboration during the visit.
4Part of the content has been reported in [J1] (see p. 199)
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Single Lens & Multiple Feeds






CHAPTER 2

PARAMETRIC ANALYSIS OF EXTENDED

HEMISPHERICAL DIELECTRIC LENSES

FED BY A BROADBAND CONNECTED
ARRAY OF LEAKY SLOTS

In this chapter, we examine the properties of a broadband array of leaky-wave slots located
in the focal plane of a dielectric lens, to generate several independent beams for imaging
applications. The array performance is investigated over a band exceeding 1 : 4. Param-
eter analyses, varying the extension length and the off-axis distance, are performed over
the wide frequency range and provide useful guidelines for the lens design. A spectral do-
main approach is used to characterize the field generated by the array, while an accelerated
physical optics method is employed for the analysis of the lens. Full-wave electromagnetic
simulations performed with CST Microwave Studio are used for the validation of the com-
bined analysis methods. Tapering of the slots can be introduced to reduce both the mutual

coupling between the array elements and the cross-polarization levels.
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2.1 INTRODUCTION

Dielectric lenses fed by focal plane arrays have been widely proposed in the mm- and
submm-wave frequency bands for imaging applications. These include medical imaging [28],
non-destructive testing, space observation [1,29], spectroscopy and security screening [30].
Most of these applications demand high spatial and range resolution of the images, as well
as fast acquisition time. To fulfill such requirements, the focal plane arrays need to com-
prise a large number of elements and be able to operate over broad bandwidths. Moreover,
the systems typically require high sensitivity to detect weak signals. Therefore, it is crucial
to maintain stable antenna performance over the entire wide bandwidth of operation, since
the antenna efficiency has a direct impact on the system signal-to-noise ratio and overall

sensitivity.

The most widely used antenna element for feeding dielectric lenses is the double slot pre-
sented in [2]. This antenna is planar and simple to design, and generates a highly directive
pattern so that only the most efficient part of the lens, its central part, is illuminated.
On the contrary, non-directive feeds yield high losses due to reflection at the dielectric-air
interface [31]. Despite its advantageous properties, the double slot is a resonant antenna

and achieves good efficiency only over a narrow band.

Improved performance is achieved by the enhanced leaky-wave slot antenna presented
in [23,32]. This antenna was shown to achieve good matching and efficient illumination
of the lens over a multi-octave bandwidth. Recently, some other attempts to design wide-
band antenna elements in focal plane arrays were made in [3,33], by using butterfly-like
double slots and spiral elements. However, these designs are limited to about one octave
bandwidth.

In this chapter, we investigate the properties of a broadband connected array of leaky-wave
slots located in the focal plane of a dielectric lens, as the one shown in Fig. 2.1. This array
was recently in [34]. The structure exhibits high efficiency over a band exceeding 1 : 4 and
can generate several independent beams for imaging applications. In [34] the array was
characterized in the presence of a semi-infinite dielectric medium. Here instead we asses
the performance of the array when a focusing lens is introduced and we direct our atten-
tion for the first time to the optimal design of the lens. This chapter presents a number of
parametric analyses similar to the ones in [35,36], obtained by varying the extension length
and the off-axis distance over the frequency band of interest. The aim of the investigation
is to provide useful guidelines for the design of the extended hemispherical lens (EHL),

when fed by the connected array of leaky-wave slots.
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Figure 2.1: Connected array of leaky wave-slots as focal plane array of dielectric lens, with reference system

and geometrical parameters.

For the combined analysis of the array and lens, we employ a quasi-analytical method for
the representation of the focal plane array [34] and an ad-hoc accelerated physical optics
(PO) method for the analysis of the lens. Such method is based on a quadrature rule
for numerical integration, which is an extension of the work presented in [37]. Results
obtained with CST Microwave Studio [26] are shown for the validation of the combined

analysis methods.

Finally, considerations on the effects of tapering the slots are reported. Simulations of ta-
pered slots show a reduced mutual coupling, which for imaging arrays is directly associated
with dissipation losses; also, tapered slots yield lower cross-polarization when compared to

slots with uniform width.

2.2 LENS DESIGN

The lens and the feed array are shown in Fig. 2.1, together with the characteristic param-

eters of the structure. We consider an extended hemispherical lens with extension length



20 2. Parametric Analysis of Extended Hemispherical Dielectric Lenses

L, radius R and relative permittivity ¢.. The array plane is placed at distance h from
the dielectric lens, where h is a small fraction of the wavelength at the highest frequency
of operation. This is a key parameter to ensure highly-directive radiation of the feeds for
efficient illumination of the lens [23]. The array consists of a finite number of slots of
width w spaced by d,, each fed in a finite number of points separated by distance d,. The
distance between feeds is considered to be large enough to guarantee low levels of mutual
coupling between the elements. Indeed, mutual coupling in imaging arrays is associated
with dissipation losses [34]. However, configurations in which the elements are closer and
coherently excited can be exploited, as in [38]. All the numerical results presented in the

remainder of this paper are obtained as follows:

e The array of feeds is characterized using the quasi-analytical approach described
in [34]. This method provides the fields radiated by the array inside the dielectric

medium, which is assumed to be a semi-infinite half space.

e These fields are then used to evaluate the equivalent currents on the dielectric-air
interface of the lens, as described in [22]. The lens interface is assumed to be in the

far-field region of each element of the array.

e Subsequently, the field radiated outside the lens is evaluated with a method based
on physical optics (PO). The expression of such field is given in [22] in the form of a
radiation integral. This integral is calculated with the numerically efficient method
which is briefly described in [22]. Interested readers are suggested to read [39], [40],
[41] and [42] for the detailed information on the methodology.

Fig. 2.2 shows the radiation patterns of the central element of a 3 X3 array into a silicon half
space (€, = 12), when one element is active and all the other elements are terminated. The
geometrical parameters are w = X\o/30, h = X\o/50, and the periods are d, = d, = A\o/3,
where )\ is the free-space wavelength at the lowest frequency fy. It can be observed that
the patterns peak at about 17° at 2f; and 4f,, which is a peculiarity of the enhanced
leaky-wave slot [23]. This effect is less intense at fj, due to the coupling with neighboring
elements, which re-radiate in phase increasing the broadside directivity. It should be noted
that, although larger arrays are considered in the remainder of the chapter, the field radi-
ated by each feed can be approximated as if this feed was the central element of a 3 x 3

array. This is because the mutual coupling with elements farther away is negligible (< —40
dB) [34].
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Figure 2.2: E- and H-plane embedded patterns of a leaky-wave slot into silicon at (a) fo, (b) 2fo, (¢) 4fo.

The primary patterns are then used to evaluate the fields impinging on the dielectric-air
interface of the lens, which is assumed to be in the far-field region of each element of the
array. Subsequently, in order to evaluate the radiation characteristics in terms of secondary
patterns, we employ a method based on geometrical optics (GO) / physical optics (PO),
as in [2]. The details of such approach and the description of the algorithm adopted for

the efficient evaluation of the PO radiation integral are reported in [22].

2.2.1 DIRECTIVITY

For the investigations presented in the following, we consider a lens diameter of 25.3)\g at
the highest frequency (4fy). The displacement of the feed along x (or y) can be related
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silicon lens with different extension lengths.

to the scan angle of the secondary pattern outside the lens. The scan angle is reported in
Fig. 2.3 as a function of the lateral displacement, for a silicon lens with different extension

lengths.

In Fig. 2.4, the maximum directivity is mapped for varying values of the extension length
and the off-axis distance, both normalized to the lens radius. The directivity is reported
for displacement along x and y and for 4fy, 2fy and fy. It is of interest to note that small
variations of directivity (< 4 dB) for the element on axis are obtained in the parametric
range of values L/R under investigation, even for large lenses (4fy). Much larger variations
(16 dB) where observed in [2] for the double-slot antennas feeding a 24\, diameter lens.
The reason of the more stable directivity is that the feed considered here is more directive,
therefore variations of the extension length have less effect in terms of phase aberration on
the lens. Such characteristic is at the cost of a lower maximum directivity achieved by the

lens, since the directive pattern in the lens yields a lower lens aperture efficiency.

The directivity contour map in Fig. 2.4 can be used to select the optimal extension
length for a specific application. For example, L/R = 0.35 maximizes the directivty at
broadside at the higher frequencies, while lower values of L/R can be selected to minimize
the directivity variation over a certain scan range. Although useful, the directivity gives
only information on the phase error due to the lens shape for the specific feed considered
for the illumination. For a more thorough analysis, the principal loss factors need to be

investigated.
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Figure 2.4: Directivity (in dBi) as a function of extension length and lateral displacement: (a), (b) 4o,
displacement along x and y, respectively; (c¢), (d) 2fo, displacement along x and y; (e), (f) fo, displacement

along x and y.

2.2.2 LOSSES

REFLECTIONS AT DIELECTRIC-AIR INTERFACE

For high permittivity materials, such as silicon, internal reflections constitute a significant

portion of the total loss. Such losses are shown in Fig. 2.5 as a function of the displacement



24 2. Parametric Analysis of Extended Hemispherical Dielectric Lenses

6 6
. 4fy —
A 5| eeeees 2f, m 5
= --- 1 =
2 4 2 4
e 2
= 3 g 3
8 8
?) 2 - P o ?) 2
% B e h S %
w1 - g:x e 1 - g:m
=Y =Y
0 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Displacement d/R Displacement d/R
(a)
6
m 5 =
= o =
z 4 7 2 4
2 . 9
2 3 2 3
g g
g 2 S 2
S :
=Y =Y
0 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
Displacement d/R Displacement d/R

() (d)

Figure 2.5: Losses for reflection at the dielectric-air interface versus z- and y-displacement and for different
frequencies and L/R values: (a) L/R =0.25, (b) L/R = 0.3, (c¢) L/R =0.35, (d) L/R = 0.4.

along x and y, for three frequencies and different values of L/R. The reflection increases
rapidly with the off-axis distance of the feed, since the lateral part of the lens is increasingly
illuminated augmenting the amount of power that undergoes total reflection. When the
frequency increases, the pattern radiated by the feed becomes more directive, resulting in
a slightly higher radiation efficiency. Also lower L/R implies less reflection at the interface,
since the lens surface tends to become hemispherical, so that the incident rays emanating

from the feed have directions of propagation closer to the normal to the interface.

MismATCH LOSS

The reflection coefficient of one element of the leaky-wave slot array as a function of the
frequency is shown in Fig. 2.6, assuming a 80 €2 feeding transmission line, and for different

inter-element spacing. Reducing the array period has an effect on the input impedance
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Figure 2.7: Loss due to mutual coupling as a function of the frequency, for different array periods.

of one element, which ‘sees’ different loadings in its surrounding. However, as previously
demonstrated in [23,32] for a single slot, also in array configuration the leaky-wave slot
exhibits very wideband impedance matching, exceeding 1 : 4. Therefore, losses due to

mismatch have only a minor impact on the overall efficiency.

MutuAaL COUPLING

Due to their intrinsic nature, connected arrays are characterized by high levels of mutual

coupling. While this coupling is beneficial for phased array applications, it constitutes a
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loss factor in an imaging array, where each element operates independently. For the widely
adopted solution based on the double-slot element, mutual coupling is negligible. However,
the inter-element spacing is limited by the physical size of the slots to about 0.35); at
the frequency of operation. This limit does not apply to connected arrays of leaky-wave
slots. In fact, one of the advantages of the connected slots with respect to the typically
employed antenna elements is the possibility of having very small inter-element distances
in such a way to have a closely packed focal plane array for higher spatial resolution of
the imaging systems. The possibility of reducing the inter-element spacing is at the cost
of non-negligible mutual coupling between elements, as already pointed out in [34]. Figure
2.7 shows the loss in dB for different inter-element distances d,, d,. The mutual-coupling

loss is lower than 0.5 dB at fy, when the spacing is 0.3 A.

2.2.3 GAIN

The loss factors listed in the previous section can now be included in the calculation of the
radiation patterns, to obtain gain plots rather than directivity that have been obtained
by using PO approach. Note that the gain defined hereafter does not include ohmic and
dielectric losses. However, these are typically known for the specific materials selected for
the manufacturing and can be easily included at a later stage for the estimation of the

total gain.

To estimate the quality of the patterns radiated by the elements on- and off-axis and their
dependence on the extension length and the frequency, Fig. 2.8 reports a set of co-polar
gain beam patterns in u-v coordinates, with u = sinfcos¢ and v = sinfsin¢. These
represent the secondary beam patterns for the element on-axis, the ones displaced by up
to three periods along x and y, and the ones displaced by up to two periods along the
diagonal (periods are d, = d, = X\o/3). The position of the maximum, the —3 dB and
the —10 dB contours of the beams are shown for each beam, as well as the value of the

maximum gain.

Two extension lengths have been selected as L/R = 0.25 for Figs. 2.8(a),(b),(c) and
L/R = 0.35 for Figs. 2.8(d),(e),(f). Restricting the analysis to only two periods displace-
ment along x and y and one period along the diagonal, it can be noted that the solution
based on L/R = 0.25 exhibits a smaller variation in terms of maximum gain of each beam.
Also the —10 dB beam contours are quite circularly symmetric in shape. Larger pattern
degradation is observed for the elements displaced by more than 0.25R from the lens axis,
as expected from the previous analysis on the reflection losses (see Fig. 2.5). In the second

case, for which the extension length is L/R = 0.35, higher gain is obtained for the on-axis
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Figure 2.8: Co-polar gain patterns in the u-v coordinates: the position and the value of the maximum,
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and 4fy, respectively, for L/R = 0.25; (d), (e), (f) are pertaining to fo, 2fo and 4fy, respectively, for
L/R =0.35.

element over the entire frequency range of investigation. This is because such a value
of the extension length yields a better approximation of the ideal elliptical lens by the
hyper-hemispherical synthesized shape (See Fig. 2.9). While broadside gain is maximized,

performance is worse in terms of scan loss and circularity of the 10 dBi beam contours.

The co-polar and cross-polar normalized patterns are reported in Fig. 2.10, for feed dis-
placements of (z = 2d,,y = 0), (x = 0,y = 2d,) and (z = d,,y = d,), and at the
frequencies of fy, 2fy and 4fy. The cross-polar component is normalized to the maximum
of the co-polar pattern and the maximum cross-polar level field is indicated in the figure.
The cross-polarization levels are lower than —12 dB at fj, but they increase with the fre-
quency and reach maximum levels of —7.5 dB at 4fj, for the element that is diagonally
displaced. These relatively high values are associated with the radiation mechanism of the
leaky-wave slot feed, and in particular with the air gap of height h that is kept between the
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Figure 2.9: 1D drawings of the Extended Hemispherical Lens (EHL) geometries with three different exten-
sion lengths, L = 0.25R (green-dotted curve), L = 0.35R (blue-dashed curve) and L=0.39R (synthesized
ellipse, red curve), compared to the geometry of an ellipse.

slot and the dielectric lens. The patterns in Fig. 2.10 are calculated choosing the exten-
sion length as L/R = 0.25. Although not reported here for the sake of brevity, comparable
cross-polarization levels were observed for different extension lengths.

2.2.4 NUMERICAL VALIDATION

In order to validate the results, we compare our calculations with CST Microwave Stu-
dio [26]. We report in Fig. 2.11 normalized patterns for an on-axis element and for
the elements displaced along x and y, assuming, h = \g/50, ¢, = 12, R = 3.16)¢ and
L/R = 0.25. The simulated patterns obtained from CST and our in-house analysis tool

are in good agreement both for central and offset elements.

One should note that the results from CST simulations in Fig. 2.11 include only the
first field contribution transmitted at the lens interface (time-gated data), for the sake of
comparison with the PO, which does not take into account multiple reflections. These
results are an approximation of those expected in the presence of matching layers used
to reduce multiple reflections. To quantify the error introduced by this approximation,
as an example, Fig. 2.12 shows CST results of non-gated simulations, with and without

matching layers, compared with the gated ones. The data refer to a lens with extension
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length is set to L/R = 0.25.

length L = 0.35R at the frequency fy, for the cases of on-axis and off-axis feeds. The
three used matching layers have relative permittivity of 9.7, 6.15 and 2.2, respectively, and
thickness of A\;/4, where )4 is the wavelength in each dielectric at the center frequency. It
can be observed that the gated results approximate well the non-gated data, only in the
case when the lens is coated by the matching layers: despite the inaccurate estimation of
the sidelobes, the pattern main lobe is well reconstructed. Higher discrepancy is observed

in the absence of matching layers, due to the stronger inner reflections.

2.3 EFFECTS OF SLOT TAPERING

We now investigate the effects of slot tapering on the performance, in particular on the
mutual coupling and the polarization purity. We consider a linear taper variation of the
slot width characterized by the angle « (see inset of Fig. 2.13).

2.3.1 MuTtuAL COUPLING

By tapering the width of the leaky-wave slot, we try to increase the leakage per unit

length along the slot, so that the power has effectively leaked away before reaching the
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Figure 2.11: Comparison between our method and CST, for only the first transmitted field contribution:
radiation patterns for the central element at frequency (a) fo and (b) 2fy, and for the elements at (c)
(x =2d;, y=0) and (d) (x =0, y = 2d,) at the frequency fo. For all cases, L = 0.25R.

neighboring element. This effect is quantified in Fig. 2.13, which shows the loss due to
mutual coupling as a function of the slot taper angle («). The elements are separated by
distance of A\g/3. As expected, the loss decreases by widening the slot taper angle, with an
efficiency improvement from 90% (0.47 dB loss) to 95% (0.22 dB). Lower mutual coupling
would allow to closely pack the elements in focal plane array for high spatial resolution
imaging, while keeping very high efficiency. Likewise, for fixed array period, tapering can
be used to shift the lower limit of the operational bandwidth of the array towards lower

frequencies, without penalty in terms of mutual-coupling loss.
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Figure 2.12: Directivity patterns outside the lens (L = 0.35R) for only the first transmitted signal contri-
bution and the full wave analysis scenario with and without matching layers at the dielectric-air interface,
at fo for the feeding positions: (a) and (b) (x =0,y =0), (¢) (r = 2d,, y =0) and (d) (x =0,y = 2d,).

2.3.2 CROSS-POLARIZATION

Besides the improved mutual-coupling efficiency, we investigate how the tapering affects
the cross-polarization levels. Here, we just report the simulation results for the patterns
obtained when the lens is fed by tapered leaky-wave slots. The field radiated into silicon
by the tapered slots has been calculated with CST [26] and then combined with the PO
algorithm described in [22] to obtain the secondary patterns. The co-polar and cross-polar
components are shown in Fig. 2.14, which refers to the same parameters as in Fig. 2.10,
but for slot tapered with angle o = 35°. The cross-polar levels are comparable to the ones

observed for uniform slots at fy, but they are considerably lower at higher frequencies. For
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Figure 2.14: As in Fig. 2.10, but for slots linearly tapered with angle a@ = 35°.

instance, the maximum cross-polar level is —13.4 dB at 4f,, which represents an improve-
ment of about 6 dB with respect to the uniform slots. The cross-pol reduction by slot
tapering does not have an obvious explanation. For this reason, a more rigorous analysis
of the propagation and radiation characteristics of tapered leaky-wave slots constitutes a

very interesting problem and could be the object of a separate study.
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2.4 (CONCLUSIONS

In this chapter, we investigated the performance achieved by a dielectric lens fed by a
broadband connected array of leaky-wave slots. Each feed of the focal plane array exhibits
good matching efficiency over a band exceeding 1 : 4 and is able to generate highly-directive
patterns for efficient illumination of the lens. We presented a study of the performance
over the entire bandwidth, when varying the characteristic geometrical parameters, such
as the extension length and the off-axis distance. The investigation allowed us to identify

some useful rules for the lens design, according the specific application.

A combined spectral-domain-approach /physical-optics method allowed the fast analysis
of the entire structure, which would be unfeasible with currently available commercial
electromagnetic solvers, when the lens is electrically large. Simulation results obtained with
CST Microwave Studio, while time-gating only the first transmitted pulse, are shown for
the validation of the combined analysis methods for lenses with a size of about 12 free-space
wavelengths. It has been demonstrated that the agreement between the simulation results
obtained by using PO approach and CST (time-gated data with first transmitted pulse)
is quite acceptable. The effect of the multiple reflections have been also demonstrated by
further CST simulations and it has been seen that the inner reflections disturb the radiated
beams, leading to slightly reduced maximum lens directivities and increased the side-lobe
levels for on-axis as well as for off-axis feeds. Finally, some possible advantages of the slot

tapering are highlighted, in terms of mutual-coupling and cross-polarization reduction.
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CHAPTER 3

WIDEBAND DIELECTRIC LENS ANTENNA
WITH STABLE RADIATION PATTERNS
FED By COHERENT ARRAY OF
CONNECTED LEAKY SLOTS

In this chapter, we present a broadband reflector feed, which consists of a dielectric ex-
tended hemispherical lens fed by a connected array of leaky-wave slots. The slot elements
are coherently combined to generate directive radiation patterns that mostly illuminate the
central part of the lens, the most efficient one. The array is capable of producing secondary
patterns with almost constant —10 dB beamwitdh over a 1 : 3 bandwidth. This allows effi-
cient illumination of the reflector over a wide frequency range. Performance is estimated
in terms of amplitude taper and phase error losses at the reflector, yielding an efficiency
of about 80% over the entire 1 : 3 bandwidth. Although the concept is planned to be used
in the Terahertz (THz) regime for the DESHIMA instrument, a low-frequency prototype
demonstrator has been tested in the 4 to 12 GHz band, for experimental validation of the

concept.
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3.1 INTRODUCTION

Reflector systems with wideband antenna feeds are receiving growing interest for appli-
cations such as radioastronomy and space observation [1,18]. For such applications, it
is often required to maintain the illumination of the reflector as constant as possible at
all frequencies within the large band of operation. Reflector feeds that can operate with
high aperture efficiency over wide frequency ranges have been previously developed for
low-frequency radio telescopes. Some examples are the focal plane array of tapered slot
antennas [43] and the eleven antenna [44]. However, there is currently a need for wideband
reflector feeds also at much higher frequencies, for Terahertz (THz) and mm-wave space

instruments.

For THz space observation, dielectric lens antennas are typically used, due to their easy
integration with the receivers. Elliptical or hyper-hemispherical shapes are frequently em-
ployed, which are typically fed efficiently only over a narrow band, e.g. by double slot an-
tennas [2]. An improved solution is the leaky-lens antenna recently proposed in [23,32,45],
which can achieve multi-octave bandwidth. This antenna consists of a leaky-wave slot kept
at an electrically small distance from the dielectric lens, represented by h in Fig. 3.1(a),
in order to obtain directive radiation inside the dielectric material and, consequently, effi-
cient illumination of the lens. Although well matched and with stable phase center over a
very wide band, the leaky-lens antenna generates radiation patterns that become narrower
and more directive when the frequency increases. For this reason, when used as reflector
feed over wide bandwidths, this antenna would not lead to high aperture efficiency at all

frequencies.

A solution to obtain frequency independent patterns over a wide bandwidth was presented
in [46] and it was based on a double-shell lens design. Here we propose a different solution
to the same problem by introducing a novel feed configuration rather than modifying the
lens shape. The aim is to improve the reflector illumination efficiency of a single-slot-fed
lens antenna by extending the leaky-slot radiation concept to be used in an array configu-
ration, as shown in Fig. 1(b). To maintain the bandwidth wide, the slots are electrically
connected so that the array is composed by a finite number of long slots, each excited at
a finite number of points. This allows one to obtain high mutual coupling, realizing the so

called connected-array concept [47,48].

The array of connected leaky-wave slots was introduced in [34], where an analysis method
for this structure was presented. The formulation was based on a quasi-analytical approach

to evaluate the mutual coupling, the radiation patterns, and the voltage distribution on
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Figure 3.1: (a) Geometry of extended hemispherical lens fed by a leaky-wave slot kept at distance h from
the lens; (b) same lens fed by an array of connected leaky-wave slots.

a finite array. The array in [34] was characterized by an electrically large inter-element
distance to produce several independent beams, each associated with one element. In this
work, we propose a different configuration in which the array elements are not independent,
but electrically close and coherently excited. The coherent array concept is used here to
design the feed of a focusing lens that has the advantage of generating stable radiation
patterns over a broad bandwidth, exceeding 1 : 3 ratios. This characteristic allows wide-

band illumination of a reflector with high aperture efficiency.

The chapter is organized as follows. In Sec. 3.2 the antenna concept is introduced and the
advantages of the proposed structure in terms of radiation pattern stability are qualitatively
explained. In Sec. 3.3 we present an example of design of a lens antenna feed, operating
from 4 to 12 GHz which is going to be the scaled version of the original sub-mm wave
antenna design for the DESHIMA instrument. The simulated performance is reported in
terms of matching, predicted aperture efficiency when illuminating a reflector, as well as
polarization purity in Sec. 3.4. The experimental validation of the concept (LF prototype)
is demonstrated in Sec. 3.5, where measured results from the prototype demonstrator are

presented. Finally, conclusions are drawn in Sec. 3.6.

3.2 ANTENNA CONCEPT

The enhanced leaky-lens antenna [23,32,45], sketched in Fig. 3.1(a), is particularly suit-

able for wideband illumination of a reflector, since it possesses unique properties such as
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Figure 3.2: Extended hemispherical lens fed by the array of leaky-wave slots, with specified the lens and

array geometrical parameters.

frequency-stable phase center and non-dispersive radiation characteristics. However, an
additional requirement for wideband reflector feeds is often to be capable of illuminating
the reflector with frequency stable radiation patterns, to maximize the aperture efficiency
throughout the bandwidth of operation. This property cannot be achieved with the lens

fed by a single leaky-wave slot, which produces patterns that are varying with the frequency.

To overcome this problem, we consider an array of connected leaky-wave slots in the focal
plane of the dielectric lens, as depicted in Fig. 3.1(b). The geometrical parameters are
defined in Fig. 3.2. As an example, let us consider a silicon lens with relative permittivity
g, = 11.9, radius R = 4\, with )y being the free space wavelength at the frequency fj,
and extension length L = 0.35 R. The geometrical parameters of the feed array are set to
w = 0.02\g, h = 0.01Xg, and d, = d, = 0.08),.

The H-plane radiation patterns for a 5x5 array feed are shown in Fig. 3.3 at four different
frequencies. The curves include the patterns associated with each element isolated, as well
as the pattern sum obtained when all elements are combined in phase. The radiation of
an element of the array into the dielectric medium is modeled with the quasi-analytical
approach presented in [34], while a physical optics (PO) method is used to include the

lens. Note that, since the lens surface is in the far-field region with respect to each single
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Figure 3.3: H-plane radiation patterns for an array of leaky-wave slots. The dimensions are R = 4)g, w
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The lens is of silicon (¢, = 11.9) and with extension length L = 0.35R. Patterns generated by the single
feeds and by the entire array are shown at the frequencies (a) fo, (b) 2fo, (¢) 4fo and (d) 8fo.

element, but not with respect to the entire array, the PO calculation is applied to each

single feed and the secondary patterns are then summed.

It can be noted that the patterns of the isolated elements become narrower when the fre-
quency increases, just as for the single-slot feed. However, the pointing directions of each
beam do not vary, so that the —10 dB beamwidth of the pattern sum remains almost con-
stant with frequency. Oscillations occur at the frequency 8 fy because the beams associated

with each feed are angularly separated and interfere destructively.

3.3 LF PROTOTYPE DESIGN: 4 TO 12 GHZ ANTENNA

In this section, we describe a specific design of a connected array of leaky-wave slots feeding

a dielectric lens for a 1 : 3 bandwidth operation. The frequency range is chosen to be from
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4 to 12 GHz .

The target beamwidth of the secondary patterns generated by the lens is dictated by the
focal length-to-diameter (F'/D) ratio of the reflector that one wants to illuminate. For
example, if we assume an F'/D ratio of 0.6, the lens should produce patterns with —10 dB
beamwidth of about +45 degrees according to the formulation 6y = 2tan™'(D/4F) [49],
where 6, is the reflector subtended angle. To achieve the desired beamwidth one can mod-
ify the lens size and/or the array total dimensions. However, the following considerations

must be kept in mind during the design phase:

e The array period should be small compared to the wavelength to achieve high mutual
coupling between the elements and effectively attain the connected array behavior.
Typical values for the array spacing are lower than 0.4)\; at the highest frequency of
operation [48], with \; being the wavelength in the dielectric material constituting

the lens.

e Obviously, larger sizes of the lens lead to narrower beamwidth values of the secondary
pattern. However, given a certain array spacing, the maximum size of the lens should
be such that the beams associated with each feed overlap well enough and do not give

rise to strong oscillations in the amplitude and the phase of the radiation patterns

(as in Fig. 3.3(d)).

e For a given dielectric lens the maximum off-axis distance of the edge elements of the
array should not be greater than about one third of the lens radius, to avoid high

aberrations in the radiated fields.

e The unit cell size must be large enough to be able to fit the microstrip lines of the
corporate feeding network, which is needed to obtain a coherent excitation of the

array.

Accounting for the above mentioned aspects, the lens is selected as an extended hemi-
spherical dielectric lens with radius R = 95 mm and extension length L = 30 mm. The
material chosen for the dielectric lens is ECCOSTOCK® HIK 500F [50], with relative per-
mittivity ¢, = 12. The unit cell size has been selected as 7x7 mm?, with the objective of
trading-off the need for high mutual coupling and the necessity for physical space to place

the microstrip feed lines.
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Figure 3.4: Schematic view of the array in the presence of a semi-infinite dielectric medium and details of

the unit cell.

3.3.1 ARRAY UnNIT CELL

Once the unit cell size was fixed, the key parameters that have been optimized to obtain
low reflection coefficient within the objective frequency band are the width of the slot w
and the height of the air gap h. The slot is fed by aperture coupling with a micro-strip line
terminated with an open radial stub, to achieve wideband operation, as shown in Fig. 3.4.
The feed substrate is Rogers 6006 with relative dielectric constant of 6.45 and thickness
0.254 mm.

The active reflection coefficient of the unit cell is reported in Fig. 3.5, assuming a 80
Qtransmission line and selecting the parameters as w = 1.2 mm and A = 0.9 mm. Simu-
lations of the unit cell have been performed with Ansoft HFSS and show good matching
efficiency from 4 to 12 GHz. Note that the lens is, at this stage, approximated as a semi-
infinite dielectric medium with relative permittivity e, = 12. Therefore, reflections at the

dielectric-air interface of the lens are neglected in Fig. 3.5.
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Figure 3.5: (a) Active reflection coefficient for the unit cell and (b) the input impedance in Fig. 3.4.

3.3.2 ARRAY TOPOLOGY

The total size of the array is chosen conforming to the dimensions of the dielectric lens
at our disposal. Specifically, we considered an array with 8x8 elements, with total size of
about one third of the lens diameter, to avoid high aberrations in the radiation patterns.
The array elements are distributed in a rectangular lattice. However, three elements at
each corner are removed to better adapt the field radiated by the lens to the circular aper-

ture of the reflector, yielding a total number of 52 elements in the array (see Fig. 3.6).

3.3.3 FEEDING NETWORK

A corporate feed network has been designed to excite all the elements of the array with
equal amplitudes and phases (Fig. 3.7(a)). The network includes asymmetric power di-

viders, tapered impedance transformers and multi-section quarter wave transformers.

The performance of the designed feed structure is presented in terms of the simulated
magnitude of the S-parameters in Fig. 3.7(b). It can be observed that the Sj; parameter
at the input port, although rapidly oscillating due to the electrically large length of the
transmission lines, remains well below —10 dB, when normalized to a port impedance of
50 €2 which is also the impedance of the connector. The 52 curves pertaining to the Sj;;
( =2,3,...,53) for the ports representing the array elements are also reported. The losses
due to the transmission lines is calculated as about 1.4 dB at the central frequency, 8
GHz. The transmission curves fluctuate around —18.5 dB (= 10log;,(1/52) + losses in

the tranmission lines), which is the expected value if all the elements were ideally excited
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Figure 3.6: Schematic impression of the 52-element array of connected leaky-wave slots in focal plane array
of the dielectric lens.

with the same power. Fig. 3.7(c) shows the phase of the transmission coefficients for all
the 52 output ports of the feed network. It is apparent that very little difference is present
in the phases of the excitation signals reaching the array elements. The simulated results

shown in Fig. 3.7(b) and (c) have been calculated by means of Ansoft Designer.

3.4 SIMULATED PATTERNS

The radiation patterns generated by the array in the presence of the dielectric lens are
presented in this section. The patterns are calculated through full-wave simulations, per-
formed with CST Microwave Studio, of the entire structure including the array and the
dielectric lens. The in-house developed physical optics tool, utilized to calculate the pat-
terns in Fig. 3.3, is not adopted here because of the relatively small electrical size of the

lens under investigation.

3.4.1 FRONT TO BACK RATIO EFFICIENCY

An interesting consideration can be made about the front-to-back ratio efficiency of the
array-fed lens antenna. While the single slot couples most of the radiated field to the dense
dielectric lens, this is not always the case for the array feed configuration. Indeed, the array

produces by itself a directive beam also in the free-space medium, which could cause poor
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Figure 3.7: (a) Corporate feed network with port definition, (b) magnitude of the reflection and transmis-

sion coefficients and (c¢) phases of the transmission coefficients.

efficiency in terms of front-to-back ratio. For this reason, it is convenient to place a backing

reflector at about quarter-wavelength from the array, to ensure unidirectional patterns.

The presence of the dense dielectric medium strongly mitigates the frequency dependence

introduced by the back plane, so that the bandwidth remains wide. We compare in Fig.

3.8 the active reflection coefficient of the unit cell with and without the backing reflector,
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Figure 3.8: Comparison of active reflection coefficient with and without backing reflector.

when the distance from the backing plane is set as d = 8 mm. In both cases, the values are
lower than —10 dB within the band of interest, normalized to the same impedance value of
80 (2. Besides the matching performance, the backing reflector should effectively eliminate
the back radiation and increase the forward directivity. This aspect is investigated in Fig.
3.9, where the directivity patterns obtained from the array-fed lens are shown, with and
without the backing reflector. It can be observed that the presence of the ground plane
leads to enhanced directivity in the upper hemisphere, while strongly reducing the power

radiated in the lower hemisphere.

3.4.2 2-D RADIATION PATTERNS AND POLARIZATION EFFICIENCY

Two-dimensional pattern plots are shown in Fig. 3.10 in the u, v domain, where u =
sin @ cos ¢ and v = sin @ sin ¢, for 4, 8 and 12 GHz. In the co-polar patterns, —20, —10, —3
dB levels are highlighted by contour lines. It is apparent that, over the 1 : 3 bandwidth
under investigation, the —10 dB beamwidths remain almost constant at all frequencies.

Cross-polar patterns are also reported and they exhibit cross-polarization levels lower than
—17 dB.

3.4.3 APERTURE EFFICIENCY

By integration of the patterns, we can obtain a more quantitative analysis of the perfor-
mance by calculating the amplitude taper loss and the phase error loss. The efficiency
plots reported in the remainder of the paper include taper, spillover, phase and polariza-

tion efficiency. Dielectric losses and internal reflections, while included in the evaluation
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Figure 3.9: Directivity patterns with and without the presence of backing reflector for an array feed with
w=12mm, h=0.9 mm, and d, =d, =7 mm: (a), (b) are calculated at 4 GHz, (c), (d) at 8 GHz and
(e), (f) at 12 GHz; (a), (c), (e) refer to the E-plane, while (b), (d), (f) to the H-plane.
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Figure 3.10: Co-polar and cross-polar components of secondary beams after the lens: (a) 4 GHz co, (b) 4
GHz cross, (¢) 8 GHz co, (d) 8 GHz cross, (e) 12 GHz co and (f) 12 GHz cross, respectively.

of the radiation patterns, are not explicitly accounted for in the efficiency at the reflector.
Also ohmic losses are not consider in the following calculations. However, for the envisaged
applications at THz frequencies, the feed network is typically realized with extremely low

loss superconducting transmission lines that are kept inside cryogenic cooling systems.

The aperture efficiency, for a reflector characterized by focal length-to-diameter ratio
F/D = 0.6, is summarized in Fig. 3.11 as a function of the frequency, and compared
with the case of single slot. It can be observed that the aperture efficiency, for a single-
slot-fed lens, has a maximum of 73% at the central frequency (8 GHz). The efficiency drops
to about 50% at high frequency, since the reflector is highly under-illuminated, while at
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low frequency the degradation is mainly due to spillover. Instead, the efficiency is nearly
constant with the frequency in the case of the array, thanks to the fact that the patterns are
much less frequency dependent. The total efficiency is higher than 75% within the entire
frequency range under analysis. It can be also pointed out that the maximum efficiency
for the single slot is slightly lower than for the array case. We observed that the main
reason for such difference is the fact that the array feed exhibits lower cross-polar levels
with respect to the single-slot feed. These efficiency numbers are realistic in the presence

of matching layers covering the lens.

3.4.4 TERTIARY PATTERNS

Finally, we evaluate the pattern radiated by a reflector illuminated with the lens antenna
feed proposed in this article. As an example, we consider a reflector with diameter of 1
m and focal distance of 0.6 m. The resulting patterns are calculated using GRASP and
shown in Fig. 3.12, for both the co-polar and the cross-polar components. The side-lobe
level is lower than —20 dB and the cross-polar level is lower than —30 dB in the entire

field of view.

3.5 EXPERIMENTAL VALIDATION

A prototype demonstrator has been manufactured and tested. The top and bottom views

of the array feed are shown in Fig. 3.13, together with the dielectric lens. The lens and the

1 F/D=0.6
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Figure 3.11: Comparison of the simulated reflector aperture efficiencies of the proposed array-fed lens

antenna and the single-slot-fed one.
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Figure 3.12: Radiation patterns after the reflector: (a), (b) are calculated at 4 GHz, (c), (d) at 8 GHz and
(e), (f) at 12 GHz; (a), (c), (e) show the co-polar components, while (b), (d), (f) refer to the cross-polar

components.

array are equipped with a supporting structure which allows to micrometrically tune the
distance between the printed circuit board and the dielectric lens, in order to implement

the desired air gap.

The measured reflection coefficient is shown in Fig. 3.14, remaining lower than —9.5 dB
over the entire band under investigation. We also highlight the estimated S; in Fig. 3.14.
Estimated reflection coefficient is obtained by means of taking into account the effect of
the inner reflections due to the silicon-air interface on the lens surface when the antenna
is fed by a lumped port in CST simulations. The difference in S;; obtained by the simula-

tion with the first reflection only and the simulation with multiple reflections is calculated
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Figure 3.13: (a) Close-up bottom view of the antenna array printed circuit board and (b) dielectric lens

located on the top of the antenna and (c) Top view of the ground plane including the slots.

and then included into the active reflection coefficient given Fig. 3.7(b). The agreement
between the measured and the estimated reflection coefficients is acceptable. Then the
measured patterns are compared with the simulated ones in Figs. 3.15 and 3.16 for main
planes and diagonal plane, respectively. The comparison exhibits a fair agreement between
simulation and experiments. Low values of cross polarization are observed in the main

planes and even in the diagonal plane, where the maximum cross-polar component of the
radiated fields is —12 dB.

The capability of this structure to maintain the beamwidth weakly dependent from the
frequency is also confirmed from the measured results. The variation of the phase center
along the lens axis has also been investigated. By placing the origin of the reference system
on the array plane, we obtain the phase patterns shown in Fig. 3.17, for the E- and H-plane
at 4, 8 and 12 GHz. The phase oscillates in a range of about 30 degrees at all frequencies for



3.6. Conclusions 51

— Measurement =— Estimation

0

-10

Reflection coefficient [dB]
R
S

4 6 8 10 12
Frequency [GHz|

Figure 3.14: The measured and the estimated reflection coefficients of the prototype antenna .

observations within the main lobe, defined by the angle subtended by the reflector. These
variations lead to small phase error loss on the reflector. Indeed, in Fig. 3.18 we report
the aperture efficiency calculated by integration of the measured patterns, compared with
simulation results. The efficiency includes amplitude taper, phase error, cross-polarization
loss and spillover. The measured efficiency is higher than 70% in the target frequency
range and it is up to £ 5% lower than the simulated levels. Such discrepancy is congruent
with the difference between the measured and simulated patterns shown in Figs. 3.15 and
3.16.

3.6 CONCLUSIONS

We proposed a connected array of leaky-wave slots as feed of a dielectric lens. Thanks to
the properties of the connected arrays, the array is well matched over a large bandwidth.
The coherent array of slots is able to generate secondary patterns with almost constant
—10 dB beamwitdh over a bandwidth exceeding 1 : 3. This allows efficient illumination of
the reflector over a wide frequency range. Such a property was demonstrated both with
simulations and measurements from a demonstrator operating from 4 to 12 GHz. The
measured secondary radiation patterns also exhibit remarkably low values of cross polar-
ization, even in diagonal planes (¢ = 45°), which is always lower than —12 dB within the

whole band of operation. This is, in our knowledge, among the lowest measured cross
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Figure 3.15: Comparison of measured and simulated co-pol and cross-pol patterns at the frequencies: (a)
and (b) 4 GHz, (c) and (d) 8 GHz, and (e) and (f) 12 GHz, respectively; (a), (c), (e) refer to the E-plane,
while (b), (d), (f) to the H-plane.

polarization ever reported for broadband dielectric lens antennas.

Designs characterized by wider bandwidth can also be achieved with larger lenses, since
the lower limit of the band is mainly dependent on the lens size. We believe that the

proposed concept represents a useful solution for THz space applications which require the
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illumination of a given reflector aperture with high efficiency over a large frequency band.
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Figure 3.18: Comparison of the measured and simulated reflector aperture efficiencies of the proposed

array-fed leaky lens antenna.



CHAPTER 4

DOUBLE SHELL LENSES: AN
ALTERNATIVE WIDE-BAND DESIGN
APPROACH T0O ACHIEVE FREQUENCY
STABLE BEAMS

In this chapter we propose an alternative design concept based on the integration of a con-
nected array of leaky slot antenna to a double shell lens that is able to generate frequency
stable beams within a large bandwidth, typically about one octave. Starting from the feed
array design, we show the beam stability performance from the optimized lens geometry
when the lens is excited by on-axis feed as well as off-axis feeds to highlight the scan ca-
pabilities of the array design. Finally, we compare the performance of the proposed lens
antenna design with a conventional extended hemispherical single shell lens in terms of

beam stability and scan loss within the band of operation.
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4.1 INTRODUCTION

The instruments used in radio astronomy and space observation mostly benefit from wide-
band feeds with frequency stable illumination to maximize the aperture efficiency on the
reflector aperture within the band of operation. In order to achieve high reflector illumi-
nation efficiency over the desired bandwidth, we proposed a concept in Chapter 3 based
on the design of a coherently fed leaky lens antenna. The concept provides a solution by
means of introducing a novel feed configuration rather than modifying the lens shape. The
aim is to improve the reflector illumination efficiency of a single-slot-fed lens antenna by
extending the leaky-slot radiation concept to be used in an array configuration, can be
seen from Fig. 4.1. The elements in the array are coherently excited, so that they are
associated with a single beam outside the lens. However, in this scenario, the reflector is
illuminated by only a coherently combined single beam. In other words the concept is not
suitable for the applications that require electronic beam steering. An alternative design
approach to the one presented in Chapter 3 could be to design a multiple shell lens such
that the refraction interfaces from the shells are adequately shaped to form frequency sta-
ble patterns [46]. Using the Double Shell Lens (DSL) concept given in [46], the aim of this
chapter is to design an integrated connected array of leaky lens antenna with large number
of array elements such that each element is able to generate a frequency independent beam

within an octave bandwidth.

In this chapter, we will use an integrated DSL concept which, in principle, can be used
either as a reflector feed or directly as an imager itself. Here, we target a direct imager
scenario for broadband security applications, namely over an octave bandwidth. The an-
tenna concept that we are proposing is sketched in Fig. 4.2. The feed array is located
on the focus of the DSL and used as a lens feeder where each pixel is associated with an

independent beam illuminating the DSL surface.

The chapter is organized as follows. In Section 4.2, we will explain the specifications of
the work. Section 4.3 will demonstrate the optimized feed geometry to be used for the
illumination of the inner shell of DSL. The optimized lens geometry will be demonstrated
in Section 4.4. In Section 4.5, we will show the performance of the proposed DSL antenna
design in terms of beam stability and scanning loss. Performance comparison with respect
to a conventional extended hemispherical Single Shell Lens (SSL) will be also shown in
order to provide reference data for performance comparisons. Lastly, we will provide the

concluding remarks and possible future work in Section 4.6.
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Figure 4.1: Tllustration of the coherently fed connected array concept for wideband frequency stable beam

applications.

Figure 4.2: Schematic view of a double shell lens antenna fed by a connected array of leaky slot.
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4.2 PROJECT REQUIREMENTS

The project requirements are listed below:

e The design is planned to be used directly as an imager itself, which means that the
secondary beams after the lens should be highly directive. Namely, the desired gain
is about 45 dBi and the corresponding half-power beamwidth (HPBW) is about 1°,

e The imager has a bandwidth of one octave. More precisely, it should cover a band
starting from 0.3 THz to 0.6 THz,

e The initial goal is to have a total number of pixels about 529 with a total scan angle
of about 22° (11° from each side),

e Frequency stable beams after the lens for on-axis feed as well as off-axis feeds within
the proposed band. The design should be able to provide high scan loss performance
(Namely less than —1.5 dB).

4.3 FEED DESIGN

Regarding the requirements listed above, we will first focus on the design of a connected
array of leaky antenna to be used as a lens feeder within the proposed frequency band. In
order to avoid high lateral lens illumination, which leads to significant inner reflections, we
assume that the inner shell of the DSL is made of silicon with relative a permittivity of
€, = 11.9. Considering the electrically large inner shell dimensions, the antenna design is
done in the presence of a semi-infinite silicon brick located on top, being separated from
the ground plane with an electrically small air-gap with a thickness of h (See Fig. 4.3).
In order to achieve efficient lens illumination we used an electrically small airgap between
the antenna array feed and the lens due to the radiation mechanism of the leaky slot an-
tenna [23]|. Here, the airgap is chosen to be 0.03), where g is the free-space wavelength
at the lowest frequency, f = 0.3 THz. The stratification used in the feed optimization

process is shown in Fig. 4.3.

The feed geometry is illustrated with its design parameters in Fig. 4.4. The elements in
the array have been packed very close to each other, with a separation of 0.3 Ay, where )\
is the free-space wavelength at the lowest frequency, i.e. 0.3 THz. As one can see from
the figure, we introduced tapering in the slots to optimize the mutual coupling between

the feed elements and to improve feed cross-polarization performance as was mentioned in
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Figure 4.3: Stratification used for the antenna optimization. The thickness of the airgap is represented by
h.

Chapter 2. This tapering angle is chosen to be v = 45° (See Fig. 4.3). In the analysis,
we first evaluated the embedded S-parameters, exciting only one element when the feed is
surrounded by matched loadings. Assuming a port impedance of 125 €), the S-parameters
are reported in Fig. 4.5. As can be seen from the figure, the feed is well matched within the
operational frequency band. We also investigated the mutual coupling between the array
elements and highlighted in in Fig. 4.5. The result shows that the array has a maximum
mutual coupling level about —14 dB, which is defined between the adjacent elements along
the slot axis. The loss due to the mutual coupling between the elements have been evaluated
and found out to be less than 0.55 dB within the operational bandwidth.

4.4 LENS DESIGN

As a next step, the lens optimization is performed considering the project requirements.
In this study, in order to get fast and accurate lens optimization, an Integrated Lens An-
tenna Shaping tool (ILASH) [51] is used. It includes a GO tools for quick design of these
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Figure 4.4: Perspective view of the connected leaky slot array.
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Figure 4.5: Embedded S-parameters of the antenna array as a function of frequency.
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Figure 4.6: Primary fields radiated into semi-infinite silicon dielectric located on top.

types of lenses subject to a number of different target specifications, GO /PO tools for the
computation of the lens equivalent surface currents and radiation pattern, and a Genetic

Algorithm (GA) optimization tool for advanced lens design.

We followed the following steps during the optimization:

e Far-field beams inside the semi-infinite silicon radiated by the central array element
(in the presence of its surroundings) is simulated by CST and the results are imported
into ILASH,

e A cost function is defined to create a mask for the desired secondary beams in terms
of HPBW and side-lobe radiation for 0.3, 0.45 and 0.6 THz,

e Using a modified Abbe lens based design, GA tool is used in order to optimize the

inner and outer shell geometries by means of minimizing the cost function,

e The optimized geometry is then used in the second stage of optimization as an initial

geometry,

e At this stage, reference system in CST is changed accordingly to export the radiation
due to offset feed position (The furthest element located in the edge is taken into

account).
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Figure 4.7: Ray distribution from a modified Abbe sine lens with an intersection curve defined as a
linear function (highlighted with a green-dashed curve) defined between the inner and outer shells. A
circumference curve with a fixed radius of f.o from an Abbe sine lens (blue-dashed line) is also highlighted

for the sake of comparison.

e Two beam masks are defined for the new optimization: One for the central element
and one for the offset feed (the last element in the array) to maximize the scanning

performance of the lens,

e Having minimized the cost function, we finalize the lens optimization process.

Due to the requirements of the project, the lens should provide collimated radiation not
only for the on-axis feed but also for off-axis feed elements. Lens geometries satisfying
Abbe sine condition are reported to provide high performances in terms of beam stability
and beam scanning performance for reasonable off-axis feed displacements [52]. The Abbe
sine condition imposes that the extended rays departing from the on-axis source and the
corresponding extended transmitted rays intersect on a circumference, with a fixed radius

of feo, which is centered at central feed [52]. The abbe sine condition can be written as [52]:

(feo = 7(0))sin(0) = 1) sin(v(0)) (4.1)

Where () represents the length of the inner shell, [(#) represents the length of the outer
shell and ~(0) represents the angle of the rays (See Fig. 4.7). One can consider to modify
the Abbe sine condition in such a way that the rays’ intersection curve is not a circumference

anymore but a linear function that can be calculated as [52]:
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fe(e) = feO - Afe(COS(QHD (42)

By replacing the Abbe sine circumference with a modified Abbe lens intersection curve, one
can achieve a wider scan angles with providing better efficiency [52], [46]. Therefore, we
started the optimization process by using a modified version of a conventional Abbe lens.
Cross section of a modified Abbe sine lens can be seen from Fig. 4.7. The figure shows that
the intersection points of the projection of the rays departing from the on-axis feed and
the corresponding extended transmitted rays from the point source all lie on a on a linear
function with a length of f.(f) from the central source. Thanks to this intersection curve,
the rays coming out from the outer shell are parallel to each other and they produce a
planar phase front, which ensures frequency stable beams not only for broadside radiation

but also for reasonable scan angles for electrically large lenses [46].

The optimized double shell lens geometry can be seen form Fig. 4.8a with its design pa-
rameters. The material of the inner lens is silicon (€,; = 11.9) and it has a height of F' = 40
mm with having a radius of 27 mm. Outer shell, on the other hand, is made of fused quartz
(6,2 = 3.8) with a thickness of 7" = 40 mm and a radius of 55 mm. In order to evaluate
the performance of the optimized DSL, an extended hemispherical single shell lens (SSL)
made of silicon is also designed as a reference solution. For the sake of fair comparison,
SSL geometry is designed such that it provides similar gain and beamwidth as the double
shell one at the center frequency, 0.45 THz. The SSL geometry and its design parameters
are shown in Fig. 4.8b. The lens has a radius of R = 44.6 mm and an extension length
L = 0.35R. We used the same airgap between the ground plane and the lens as it was

used for the feed array design in Section 4.3.

To get an initial idea about the performance of the lens, as a first step, we evaluated the ray
distribution inside and outside the lens in ILASH. For this purpose, firstly, a point source
is located at the center of the feed plane whereas, in the second case, the source is shifted
by 3.3\¢ which corresponds to the last pixel of the 23 x 23 feed array. The ray distributions
are shown in Fig. 4.9a and b for on-axis and off-axis feed positions, respectively. As can be
seen from the figure, the rays due to a point source exit the lens parallel for both scenarios,

as expected.

4.5 NUMERICAL RESULTS

First, we report the secondary beams radiated by the SSL in Fig. 4.10a and b for H and

E-planes, respectively. In the figure, each beam is associated to one single array element



64 4. Frequency Independent Patterns from DSLs Fed by Leaky Wave Feeders
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) (b)

Figure 4.8: Lens geometries with their design parameters for: (a) DSL design, and (b) SSL design to be

used as a reference geometry.

that is being excited whereas all the surrounding array elements are terminated by load-
ings. Assuming all the scan angles and the frequencies, the results show that the maximum
gain variation in the secondary beams radiated by SSL design is significant, almost 6dB.
The gain variation from the optimized DSL antenna is highlighted in Fig. 4.11, also for
H and E-planes. One can easily see the improvement, with having a maximum variation
of 2.7 dB, considering all the beams in both planes. Compared to the conventional SSL
design, it is quite clear that the proposed DSL based design is able to provide much more

stable secondary beams in terms of gain variation within the frequency band.

Fig. 4.11 also shows that the level of the side lobes generated by the optimized DSL struc-
ture seems to be higher compared to the SSL design, especially at the highest frequency.
This could be associated to the phase modification phenomena that occurs between the
two shells of the DSL. Since the desired antenna gain is relatively high and the antenna
dimensions are very large in terms of wavelength, it is difficult to adjust the phase accord-
ingly on the shells. However, the side-lobes are extremely narrow and less than 7 dB with

respect to the maximum gain associated to the adjacent pixel at the worst case scenario.

One other important parameter for the proposed design, as mentioned before, is the scan
loss which should be minimized for off-axis feeds to satisfy the requirements of the proposed
imager. For this purpose, we evaluated and reported this loss for the proposed DSL and
the reference SSL designs in Table 7.1 at frequency points 0.3 THz, 0.45 THz and 0.6 THz.

According to the table, DSL design improves the scanning loss significantly compared to
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Figure 4.9: Ray distribution inside and outside the optimized double shell lens due to a point source
located at (a) the center of the lens and (b) x = 3.3 A (corresponds to the position of the feed located at

the edge).
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Figure 4.10: Secondary beams obtained by the conventional SSL design for: (a) H-plane, and (b) E-plane
at 0.3 THz, 0.45 THz and 0.6 THz.
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Figure 4.11: Secondary beams obtained by the optimized DSL design for: (a) H-plane, and (b) E-plane at
0.3 THz, 0.45 THz and 0.6 THz.

Table 4.1: Scan loss comparison between the proposed DSL antenna and the conventional SSL design

H-plane
Frequency Improvement
(THz) DSL SSL dB)
0.3 -0.81 -1.69 0.88
0.45 -0.29 -1.4 1.11
0.6 -1.37 -2.46 1.09
E-plane
Frequency Improvement
(TH2) DSL SSL (dB)
0.3 -0.88 -1.53 0.65
0.45 -0.33 -1.44 111
0.6 -1.46 -2.04 0.58

the SSL design. More precisely, in average, we observed an improvement of about 1.02 dB
and 0.78 dB in the H and E-planes, respectively.

As a result of improved gain variation and scan loss, one can expect to have stable
beamwidth as a function of feed position and frequency. To see how much DSL solu-
tion improves the performance in terms of the beamwidth stability compared to reference
SSL design, we highlight HPBW variation as a function of feed position for SSL and DSL
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Figure 4.12: Beamwidth variation obtained by the SSL design as a function of feed position for three
frequencies within the band for (a) E-plane, and (b) H-plane.
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Figure 4.13: Beamwidth variation obtained by the proposed DSL design as a function of feed position for
three frequencies within the band for (a) H-plane, and (b) E-plane.

designs in Fig. 4.12 and Fig. 4.13, respectively, at 0.3, 0.45 and 0.6 THz. It is clear that the
beamwidth variation in the secondary beams obtained by the proposed DSL design is much
less than the variation one can achieve by using a conventional extended hemispherical SSL

design.

4.6 CONCLUSION

In this chapter, we performed a preliminary study to provide a design concept that can be

considered as an alternative approach described in the previous chapter. The concept is
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based on the integration of a connected array of leaky slot antenna, as a lens feeder, to a
double shell lens to achieve frequency stable beams within an octave bandwidth. We have
demonstrated that the proposed concept improves the frequency stability of the beams
significantly compared to the conventional SSL based design. In addition to the on axis
feeding, scanning performance is also evaluated and have been shown that the proposed
DSL based concept is able to provide better beam scanning performances with respect to
conventional SSL design within the band of operation. It should be noted that, at this
stage, this preliminary study does not take into account the dielectric losses in the lens

materials. This issue needs to be investigated as a future work.
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ANTENNA COUPLED KIDs

Part II of this thesis will focus on a scenario using a direct detection imager based on an
antenna coupled KID array. Future astronomic THz radiometric systems require tens of
thousand receivers to achieve high sensitivities and to provide a large Field of View (FoV).
Here we consider a design based on a tightly spaced Focal Plane Array (FPA) with thou-
sands of pixels located at the focal distance of a telescope. A sketch of the proposed FPA
antenna design which will be dealt with in the following chapters is shown in Fig. 4.14.
The system is characterized by a large fu (F/D) telescope to avoid significant performance

degradation for peripheral elements.

We will use integrated lens antennas as FPA elements, to serve as a reflector feed, since

KIDs+
Antenna

Earth based

Space instrument R
nstrument

F/D =21 =9
Frequency band 1.4-2.7 THz 0.8-0.9 THz
Lens material Silicon Sapphire wafer+Silicon i Space instrument Earth based instrument
Dr 1.55mm 1.55mm i (Wideband dual polarized (Double slot antenna)
d 1.6mm 1.6mm : leaky slot antenna)

Figure 4.14: The schematic of antenna coupled KIDs scenario. Tightly packed lenses located at the focal
distance of a reflector with large fu are highlighted on the left hand side. On the right hand side, cross
section of the lenses are shown together with their feed and a mesh absorber between the lenses to suppress

lateral radiation inside the lens array due to the feed spill-over.
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they can provide practical solutions and are easy to manufacture in tightly spaced FPAs.
Fig. 4.14 shows the lenses together with their feeding, being located at the lens focus
to form feed per lens scenario. The FPA elements are separated by a distance d that is
typically in the order of d < M\gF/D where \q is the free-space wavelength at the center
frequency, fo. Considering such small FPA element separations, a lens truncation angle,
O1ens, may help to achieve closely packed FPAs. One problem for tightly packed FPAs
could be the superior coupling that may occur between the FPA elements due to spill-over
radiation. To reduce the coupling between the lenses due to feed spill-over, we use a mesh
absorber to suppress the lateral radiation inside the lens array. The details of the spill-over

absorber design are explained in Appendix D.

Two antenna concepts are used depending on the application type: A double slot based
design and a leaky slot based design. Chapter 6 will be focusing on the design of a FPA

based on double slot antenna concept, specifically aiming at applications for Earth-based

©

Figure 4.15: The picture of the fabricated double slot antenna geometry together with KIDs: (a) Top view
of the antenna array (b) focusing at a single pixel and (c) the mesh absorber (Courtesy of SRON).
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Figure 4.16: The picture of the fabricated dual-polarized leaky slot array coupled KIDs (Courtesy of
SRON).

observation where the need of bandwidth is less stringent. In Chapter 7, on the other hand,
we will aim at a wideband dual-polarized leaky lens antenna design to achieve superior sen-
sitivities, aiming at applications for Space-based observation. The antennas are coupled
to KIDs, which allows a single readout unit for thousands of pixels [10]. The images of
the fabricated antenna coupled KID arrays have been shown in Figs. 4.15 and 4.16 for the
double slot and the dual-pol leaky antennas, respectively. The following chapters will focus
on the design and the experimental characterization of these two antennas to be used in

tightly spaced FPA applications.

Part II of the thesis consists of three chapters:

e Chapter 5 provides a brief discussion on the imaging speed for Earth and space based

observations.

e Chapter 6 gives some design rules for double slot antennas at sub-mm range and
provides three double slot based antenna designs for the SPACEKIDs and A-MKID

projects.

e Chapter 7 provides a dual-polarized wideband leaky slot based lens antenna design
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for space based astronomical instruments (SPICA/SAFARI like scenario).



CHAPTER 5

DIRECT DETECTION FOCAL PLANE
ARRAYS: ON THE IMAGING SPEED

Next generation imaging systems based on direct detection mostly benefit from large format
antenna arrays located at the focal distance of a telescope with large fu (F/D). They
typically require cryogenically cooled detectors to reduce undesired additional noise and to
mazimize the sensitivity of the imaging system. This chapter will focus on the investigation
of the imaging speed for such systems for different scenarios including earth and space based
applications.
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5.1 INTRODUCTION

The trend in THz radiometric systems is the use of large focal plane (staring) arrays.
Specifically future, satellite based, astronomic THz radiometers will be most likely based
on cryogenically cooled detectors to reach the highest sensitivities, will consist of tens of
thousands receivers to provide a broad field of view and could address simultaneously a
broad portion of the THz band. A cornerstone in the dimensioning of these systems is the
study [53]. This study addresses the most important signal to noise and sampling con-
siderations that could lead to a preference for absorbers based architectures rather than
antennas when the instruments and the detectors are photon noise limited (the instrument

including the optics is cold).

The specific scenario addressed in this chapter is shown in Fig. 4.14. It is characterized
by a large fy reflector. The large f4 is chosen to realize images with thousands of pixels
without significant degradation of the performances of peripheral elements. A view of the
instrument is depicted in Fig. 5.1. The radiometric system is enclosed in an instrument
box cooled at a temperature T7p, whereas the detectors are placed in what is typically
referred as cold box at a temperature Tog. These two boxes can make a contribution to
the noise of the instrument when the detectors are background limited. The directivity
of the antenna will play then a significant role to reduce the impact of this noise on the

imaging speed.

5.2 IMAGING SPEED FOR DISTRIBUTED SOURCES

In astronomy, radiometry is the primary tool used to characterize the electromagnetic
power spectrum of emission due to sources distributed in space. The purpose of imaging
radiometers is to measure such spectral radiation for every direction in the sky. The key
observable parameter is the brightness By, (6, ¢). Planck equation defines the brightness

at frequency f as a function of the sky temperature Ty, (6, ¢) in every angular direction.

f2 2hf
Beky(r00) = 3 —aF

e*BTsky(0,9)

(5.1)

where h = 6.626068 x 1073* Joules sec. is the Plancks constant, kg = 1.380 x 10723 m?
kg s72 K~1 is the Boltzmann constant, ¢ = 2.99 x 10® m/s is the speed of light speed and
Tsky(0, @) the equivalent temperature of the investigated direction of the sky.
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Figure 5.1: Schematic of the radiometric imaging instruments.

An instrument able to perform radiometry is composed by a large telescope to collect the
signals from the sky and focal plane array of sensors. Each of these sensors is composed
by a radiation coupler (antennas or absorbers) and a detector that transforms the THz
electromagnetic signal into low frequency electrical one. Later in the thesis, we will be
focusing on the antenna design for different instruments for the projects that have been
briefly explained in the introduction chapter.

The scope of the investigation is restricted to direct detection schemes, for which cryo-
genically cooled superconducting detectors can provide extremely high sensitivity [54] and

large format arrays. The signal to noise in such systems can be expressed as

S p™BW

~N= ~nep Vh (52)

Where t; is the integration time, NEP is the Noise Equivalent Power of the detector and
p** is the received power by the detector, from the sky, over a bandwidth BW:
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Figure 5.2: Normalized brightness as a function of frequency for various sky temperatures, T, .
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p

Appendix A shows the spectral power received from a distributed black body of a certain

angular dimension, ), can be expressed as:

ohf
kf -1

"B Tsky(0,9)

P = Moo (f) (5.4)
where 7% (f) is antenna coupling efficiency due to a distributed source within €2, solid an-
gle. It includes spill-over efficiency (nf%), antenna feed efficiency (1fe.q) and the efficiency
associated to the detector losses (14¢¢) (See Appendix B). It should be noted that, in Eq.
5.4, factor of 2 comes from the dual-polarized operation of the antenna system. If the
antenna has a single polarization only, then, one has include a factor of 0.5 in the antenna

coupling efficiency, .

In case of imaging radiometers, the following different incoherent sources are of relevance.
Each of these contributions can be express using the same procedure as described in the

Appendix B:

e The signal of interest is the sky radiation (including the possible effect of the optics)

referred to the reflector solid angle, ;.
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P L —_ (5.5)

ekBTave — ]_

e The total undesired noise power for the central feed (assumed to be representative
for the entire array), Pu.a(f) = Prs(f) + Pes(f), is given by the superposition of
powers due to two statistically independent type of rays reaching the receivers: rays
arriving from instrument angular region, €2;p, and rays coming from the cold box

angular region, ;o (see Fig. 5.1):

2hf

Pip(f) = W—U?OIB(JC) (5.6)
eksTdh — 1
h
Pep(f) = —d—yen( ) (5.7
ekBTSE — 1

The NEP can be basically divided in two terms: The detector intrinsic noise and the back-

ground noise (associated to P P and Pcg):

NEP? = NEP; + NEP} (5.8)

For observations from a given beam pointing direction a useful parameter to quantify the
performance of a telescope is its speed of acquisition, imaging or mapping speed. This
latter can be defined as the inverse, speed=1/t; of the acquisition time necessary to obtain
a certain SNr. Using eq. 5.2, simple algebra shows that

1 (pskwa)Z
SNr2 NEP? + NEP?

speed = (5.9)

While the purpose of radiometric imaging is to measure the angular distribution of the
sources of the brightness in the sky, By, (6, ¢), this distribution is eventually estimated by
performing a discrete Fourier Transformation of the samples of the amplitudes acquired in
a focal plane populated by many receivers (antennas). In order to be able to reconstruct the
original brightness via such Fourier Transformation with the maximum resolution allowed
by the reflector system, the sampling of the focal plane must be related to the fx (also in-
dicated as F'/D) of the reflector system. It is well known [55] that the sampling, d, must be
d = 0.5\ f4 for incoherent imaging. Denser sampling is not useful because it is the antenna

diameter that limits the resolution. Scarcer samplings lead to lower resolutions. However,
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the samples do not need to be acquired simultaneously. This means that larger focal plane
samplings can be useful too. Giggling is the process of re-pointing the reflector to differ-
ent directions in order to acquire all the useful samples that are necessarily skipped with
samplings larger than d = 0.5fx\. Fig. 5.3a shows a graphical representation considering
three different sampling configurations that are typically adopted/proposed. d, = 0.5fxA\,
dy = 2d, = fuX and d. = 2dy = 4d,, = 2f4 ). Note that in dp, p indicates power sampling
because it is the required sampling if one can only detect the power spectrum of the in-
coming signal (the case in radiometry); in dy, f indicates field sampling, because it would
be the appropriate sampling if one was able to detect a signal in both its amplitude and
phase (never in radiometry), while in d, indicates the efficient sampling because it is the
sampling that leads to the maximum power detected from a point source aligned with the

reflector system.

It is apparent from Fig. 5.3b that the antenna needs to be re-pointed four times if one uses
a focal plane that is sampled at field sampling period. Generalizing if n’ is the total number
of pixels needed according to power sampling, in order to reconstruct a given field of view,
and N is the factor by which n is divided in the realized implementation, n’ = n/N, the
acquisition time of the n’ configuration is 7/ = 7V, where 7 is the time of acquisition of a
each pixel. So while the power sampling is simply characterized by a certain integration
time 7,, the field and efficient samplings, with receiver characterized by integration time

7¢, and 7., lead to total observation time TJ,c = 47, and 7, = 167, respectively.

The speed ratio between two FPA configurations, with a sampling of Ny, = N? (e.g. 1, 4,
16) each, will then be given by:

speed; _ Na (P2 NEP%, + NEP}, (5.10)
speed; Ny (p3)2 NEP3, + NEP2 '

In case of an astronomical instrumentation, the instruments are designed such that they
are limited by the background noise and not the detector. Therefore the speed ratio be-

comes

k
speed; _ E (pi™)* NEPS (5.11)
speedy — NY (pshv)2 NEP} '

In such case, for a certain thermal source T incident on the antenna, assuming a system

operating over a relative small bandwidth BW centered at fy, the NEP can be expressed

as [h4]:
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Figure 5.3: (a) Three different focal plane sampling configurations, d,: dy = 2d, and d. = 2d; = 4d,, and
(b) giggling needed to reconstruct with a field sampling period.

1
NEPT = \/2pTBW(1 + naveT)hf() (512)
eksT —1

where pr is any of the incoherent source contributions (Eq. 5.5, 5.6, 5.7) and 7). is the

average antenna efficiency over the bandwidth which can be calculated as

1 fo+BW/2
BW J - w2

Let us now consider an ideal antenna feed with a circular aperture with the same diam-

Nave = U&S(f)df (513)

eter as the focal plane array spacing, d, having 100% aperture efficiency and receiving
two polarizations. In this case, Neeq(f) = 1 and Nigpe,(f) = 1 over the full bandwidth.
The efficiency of the radiometer is then determined by the illumination efficiency of the
reflector. Fig. 5.4 shows this efficiency as a function of d/Afx. One can appreciate that
the efficiency is low and determined by the spill over at small samplings. For 0.5\ fx and
A fx samplings, the spill-over is 5.77 and 1.8 times lower than 2\ f4 sampling, respectively.

Let us consider an earth based astronomical instrument looking to the sky with no con-

tributions from the instrument or cold box. In this case, the background NEP is given
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Figure 5.4: (a) Reflector efficiency calculations (a) as a function of the feed aperture and (b) as a function

of the frequency for three different feed samplings, all obtained by using a uniform feed aperture.

by the sky temperature directly. In case of instruments operating in the Rayleigh-Jeans

(RJ) limit (See Fig. 5.2a), one can do some approximations on the received spectral since

hf
hf
ekBT 1

~ kgT leading to standard microwave radiometry where

ey _ 1 fo+BW/2 2hf

Q
P —— . s ~ 2k Tty Mave 5.14
BW fo—BW/2 ek‘B}tLF{we — 1?760 (f) Pkl ( )

The second term in the NEP in eq. 5.12 is the dominating one for high antenna efficiency

since f >> 1. So the background NEP is proportional to the average antenna effi-
e*BTy —1
ciency and the square root of the RF bandwidth as in standard microwave radiometery:

NEP} = 2kpToynaveV BW (5.15)

In this limit, the speed ratio is proportional only to the ratio of jiggling positions:

RJ
speed; | N? (5.16)
speeds . NI '
sky




5.2. Imaging Speed for Distributed Sources 83

For high frequencies and low temperatures, representative of sub-millimeter wave space

instruments, the black body radiation is determined by the Wien’s limit (See Fig. 5.2)
h

__hf
where iﬁf ~ 2hfe *BT. One can relate this expression to the standard Rayleigh ap-

ekBT —1

_ hfo
proximation by defining an equivalent temperature, 7, such that hfye FpT — kgT®. In

this case, the spectral power received from the sky will be

piky ~ QkBTsekyT]ave (517)

where

e th - hqlfo
Ty = 7€ 0 (5.18)

The NEP in the Wien’s limit is determined by the first term in (8) and it depends on the

square root of the antenna efficiency:

NEP) = 2\/k;BT§kynaveBWh fo (5.19)

Therefore, in this case, the antenna efficiencies will impact the speed ratio linearly:

w 2.1
speed; B NZne
o 1,2

NS nave
sky

(5.20)

speeds

Fig. 5.5 shows the speed ratio for tight samplings (0.5 f4) for the considered scenarios
with respect to the efficient sampling as a function of the temperature of the source, T
The calculations have been done at a single frequency, 850 GHz. The figure shows that the
speed advantage for tight samplings is proportional to the jiggling positions and converges
to the N2/N} as the source temperature T increases. The reason why the speed ratio does
not become N2/N} = 16 is due to the fact that the speed advantage for tight samplings is

reduced when the RJ approximation cannot be considered in the noise.

Fig. 5.5 also shows the speed ratio for tight samplings for low source temperatures where
the black body radiation is determined by the Wien’s limit. According to the figure, it is
still advantageous to do the power samplings since the spill-over for d = 0.5\ f4 is only
5.5 times lower than the 2, sampling that has a speed penalty of having to do 16 jiggling

positions.
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Figure 5.5: Speed ratio calculations as a function of source temperature T at a single frequency, 850 GHz.



CHAPTER 6

DOUBLE SLOT BASED DESIGN

Achieving fully sampled Focal Plane Arrays (FPAs) of direct detectors typically require
tightly spaced FPAs for deep space instrumentation in sub-mm wavelengths. For this pur-
pose, highly sensitive microwave kinetic inductance detectors (MKID) with kilo-pixel arrays
have been proposed in the literature. Kinetic Inductance Detectors (KIDs) are able to pro-
vide superb sensitivity in the sub-mm region combined with ease of operation. Double slot
antennas are one of the most commonly used antenna solutions in the literature since they
can provide high aperture efficiencies and provide planar lens integrated solutions, leading
to easy fabrication process also in sub-mm band. In combination with MKIDs, to reduce the
ohmic losses, the antennas are typically made of superconductive materials characterized
with having a certain kinetic inductance. In this chapter we perform a parametric study
to provide some design rules for sub-mm double slot antennas coupled to MKIDs to have a

benchmark reference for the wideband antenna design.
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6.1 DOUBLE SLOT ANTENNA COUPLED TO KIDs

6.1.1 STATE-OF-ART DOUBLE SLOT DESIGN

Double slot antenna shown in Fig. 6.1a is one of the most commonly used antenna since
they provide highly efficient planar integrated lens antenna solutions. The concept was first
introduced in [2]. The antenna geometry is highlighted in Fig. 6.1a and it consists of two
slots with a length of L = 0.28)\q and a slot separation of S = 0.16\q, where )\ is the free-
space wavelength at design frequency, fo [2]. The beams radiated into a silicon dielectric
in £, D and H-planes are shown in Fig. 6.1b. In [2], the antenna geometry is optimized in

terms of radiation patterns in a semi-infinite dielectric to achieve effective lens illumination.

Double slot antennas coupled to integrated bolometers have been extensively studied
in [56]- [57]. Fig. 6.2a shows a double slot antenna with an integrated bolometer, which
can be considered as a lumped resistance, with a CPW line connecting the two slots with
the bolometer. An RF circuit model of such design is shown in Fig. 6.2b [56]. Thanks to
the small dimensions of the receiver, the feeding lines can be fabricated very close to each

other leading to similar radiation characteristics to the ones shown in [2].

Starting from the design given in [2], in this chapter, we will aim at providing some design
rules for a double slot antenna integrated to MKIDs in sub-mm band. For this purpose
we will investigate the integration of a double slot design to a distributed absorbing line
(KID resonators in our case) instead of a lumped resistance, taking into account different
material stratification used for developing the KID technology, i.e. superconducting ground

plane (GP) and sapphire dielectric.

6.1.2 DOUBLE SLOT IMPEDANCE MATCH

Fig. 6.3a shows a double slot antenna together with a distributed CPW transmission line
attached to the center of the slot. An RF model for such design is highlighted in Fig. 6.3b,
following the same approach as in [56]- [57]. The RF circuit consists of three parts: The
slots, a CPW line that connects the slots (ko1, Zo1) and a distributed CPW transmission
line to serve as an absorbing line (ko2, Zg2) in reception (or a feeding line for an excitation
port defined in transmission). On the other side of the absorbing line, there is a short-
circuited stub with an impedance of Z,,;, attached to the antenna to adjust the imaginary

part of the antenna input impedance. The stub can be considered as a series inductance.

We first start with the impedance of the slots alone when they are separated from the

CPW line. As mentioned before, we focus on the antenna coupled KIDs scenario in sub-
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Figure 6.1: (a) Double slot antenna geometry [2] and (b) radiated beams into semi-infinite dielectric.
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Figure 6.2: (a) A double slot antenna with a bolometer attached to the center of the slot, and (b) its RF

equivalent circuit [56].
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Figure 6.3: (a) A double slot antenna integrated to a distributed CPW line attached together with a

matching stub, and (b) its RF equivalent circuit.

mm band with a superconductive material to serve as GP in the presence of a semi-infinite
dielectric stratification. The GP has a thickness of about 0.45 pm and is made of NbTiN
material which has a kinetic inductance of about 0.4pH/sq. The double slot impedance,
Z g0t Will be evaluated for various antenna material stratification including PEC and NbTiN
GP with and without any thickness to provide a guideline for the double slot impedance
characterization in sub-mm band. All these effects may be relevant for a resonant antenna
such as the double slot. It is useful to mention here that CST does not allow to define
a superconductive material with a certain thickness and we followed steps highlighted in

Fig. 6.4 to perform a fast characterization of the antenna.

The impedance of the double slot alone in the presence of a semi-infinite silicon medium
is highlighted in Fig. 6.5 as a function of frequency for different kinetic inductance and
thickness values used to define the GP. One can clearly see that antenna material stratifi-

cation has a negligible effect on the double slot impedance.

Another important point is the fabrication issues of the CPW lines that are connecting the
two slots. It may not be feasible to fabricate the lines small enough in order not to impact
the antenna radiation performance as it was the case with the integrated bolometers (Fig.
6.2). This implies that a double slot antenna with larger separation d between the slots

is usually necessary. As a result, this separation will have an effect on both the antenna
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impedance and the radiation characteristics of the antenna. To characterize this, assuming
the GP is made of PEC, we investigate the electrical properties of the CPW line connecting
the two slots (Zo1, ko1) including the attenuation constant («), the propagation constant
(ko1) and the characteristic impedance (Zy;) for various vertical slot separation values d
by using a tool described in [58]. The results are highlighted in Fig. 6.6 as a function
of frequency. According to the figure, larger slot separations lead to higher attenuation
constants and lower characteristic impedance values. Higher attenuation constants are as-
sociated to the increased radiation losses that eventually will impact the cross-polarization
performance of the double slot. Figure 6.6 also includes the case when the GP is made of a
superconductive material with a certain a kinetic inductance (NbTiN with an inductance
of 0.4 pH/sq in our case) when the slot separation is fixed to d = 0.033\g to highlight
the effect of the GP material. The figure shows that the kinetic inductance of the GP has
a significant impact on the propagation constant of the CPW line. Due to its resonant
behavior of the double slot geometry, the variation in the k¢, will introduce a strong shift
in the antenna resonance frequency and the reduction in ag; will reduce the superior radi-
ations that are associated to the CPW line.

Having investigated the two slots and the CPW lines separately, we then integrate them to
investigate the effect of slot separation d on antenna input impedance Z 4, the impedance
seen from the input of CPW integrated double slot geometry (See Fig. 6.3b). Assuming
the GP is made of PEC and the presence of a silicon semi-infinite dielectric on top, the
antenna input impedance variation is highlighted in Fig. 6.7 as a function of d. The fig-
ure shows that narrower slot separations lead to significantly higher fRe(Z4) and Im(Z4)

values at the resonance frequency.

Assuming the slot separation is d = 0.033)g, we highlight the effect of the material strat-
ification on the antenna input impedance Z4 in Fig. 6.8. According to the simulation
results, using a PEC GP with a thickness of 0.45 pm introduces a shift with a factor of
1.031 in frequency and 0.93 in Z4 compared to the case when the PEC GP does not have
any thickness. Using NbTiN superconductor with a kinetic inductance of 0.4pH/sq as a
GP material (no thickness) introduces a shift of 0.948 in frequency and 1.069 in Z, com-
pared to PEC GP. Finally, taking the semi-infinite silicon stratification as a reference, we

obtained a shift of 1.049 and 1.192 by replacing the silicon with sapphire.
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Antenna material stratification does not have any significant impact on the

double slot impedance (See Fig. 6.5),

Larger CPW separations, d, lead to the greater line attenuation constants, «pq,

(See Fig. 6.6) which worsens the cross-pol performance of the antenna,

Larger d values reduce the transmission line characteristic impedance Zy; and

slightly increase the real part of the propagation constant of the line Sy; (See

Important

Fig. 6.6),

GP with a kinetic inductance leads to lower ayp; and significantly higher £y,
values for the CPW in comparison to PEC GP (See Fig. 6.6).
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Using the steps described in Fig. 6.4, we simulated a CPW fed double slot geometry with
a slot length of L = 0.28)\, a horizontal slot separation of S = 0.16\y and a vertical slot
separation d = 0.033). In the simulations, for the sake of genereric dielectric stratification,
we assumed that an anisotropic sapphire wafer (e, = 9.3,¢, = 11.5) with a thickness of
about )\ is located between the GP and a semi-infinite silicon brick. The antenna matching
is highlighted in Fig. 6.9. One can appreciate the comparison between the approximated
S11 and simulated Sp; obtained by CST with the entire antenna material stratification.
We also show the matching with and without the matching stub to highlight the shift in
the resonance frequency fj.
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Table 6.1: Design specifications for astronomical missions

A-MKID antenna 1 A-MKID antenna 2

SpaceKIDs antenna

Frequency band 800-900 GHz 330-364 GHz 800-900 GHz
Lens type Elligztii)c(:g;ens Elliptical or EHL* Elliptical or EHL*
Wafer material Sapphire Silicon Silicon
Wafer thickness 350um >375um >350um
Lens matetial Silicon Silicon Silicon
Lens thickness 0.776mm <1.2mm <1.2mm
ML type M4 Parylene coating A4 Parylene coating Grooved silicon
GP matetial NbTIiN (0.4pH/sq)  NbTIN (0.37pH/sq)  NbTiN (0.4pH/sq)
FPA spacing 1.6mm 2mm Imm

* EHL: Extended hemispherical lens

6.2 DOUBLE SLOT BASED PROTOTYPES

Using the methodology given in the previous chapter, we have performed a parametric
study to design three optimized double slot antennas to be used for three specific scenarios

as benchmarks:

e SPACEKIDs project (850GHz center frequency).
o A-MKID project (350GHz center frequency).

e A-MKID project (850GHz center frequency).

Each scenario has its own fabrication limits. We summarize the antenna specifications in
Table 6.1. It is important to state here that SPACEKIDs design has pre-defined lens di-
mensions and stratification including a 350 pm anisotropic sapphire wafer printed between
the silicon lens and the GP. The antenna for A-MKID intrument, on the other hand, has a
lens that is entirely made of silicon. The GP including the double slot design parameters
is highlighted in Fig. 6.10. Taking the fabrication constraints into account, we report the

final dimensions of the optimized designs in Table. 6.2.
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Figure 6.10: Double slot geometry with its design parameters.

The antenna matching performances have been highlighted in Fig. 6.11. One can clearly
see that the optimized antennas are well matched within a bandwidth exceeding the re-

quirements given in Table 6.1.

Normalized fields radiated in the presence of a semi-infinite dielectric due to the CPW fed
double slot antennas are highlighted in Fig. 6.12. Magnitude of the co and cross polarized
radiation in £, D and H-planes can be seen on left hand side whereas the phase distri-
butions in the E and H-planes are demonstrated on the right hand side. Looking at the
fields, one can easily notice the effect of the anisotropic sapphire wafer: The primary fields
obtained from the SPACEKIDs antenna are narrower than A-MKID antenna #1 and #2.
Besides, SPACEKIDs antenna provides a phase variation that is significantly higher com-
pared to other ones, especially in the H-plane. A-MKID antennas have quite stable phase
variation in £ and H-planes which is kind of similar to the ones given in [2]. Obviously the
SPACEKIDs antenna suffers from the anisotropic sapphire wafer located between the GP
and semi-infinite silicon due to the fact that it introduces different behavior to different
polarizations. However, please note that, the lens used for SPACEKIDs antenna design
has fixed dimensions and material stratification unlike the A-MKID design where we can
also optimize the lens together with the double slot geometry. For this reason, one can

assume that SPACEKIDs design has an optimized double slot geometry used illuminating
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Table 6.2: Optimized double slot antenna design parameters

SpaceKIDs antenna  A-MKID antenna A-MKID antenna

Optimization

R 800-900 GHz 330-364 GHz 800-900 GHz
L 98.82um 240 um 98.82 um
W 56.47 pm 137.14 ym 56.47um
di 3 pm 12 pm 6 pm
> 6 pm 12 pm 6 pm
S 12 pm 25 ym 12.4 ym
W, 2 ym 2 ym 2 ym
w,, 2 ym 1.6 pm 1.6 pm
Ws 2 um 2.2 ym 2.2 ym
Wy 2 ym 6 um 4 um
Lon 8.75 pm 25.75 um 12.65 pm
Lans - 40 pm 40 pm

an ‘unmatched lens’.

Fig. 6.13, we highlight the spill-over efficiency defined on the lens aperture for SPACEKIDs
and A-MKID antennas as a function of lens subtended angle 6;.,,. Using same 0,.,5, one
could expect to get higher spill-over efficiencies from SPACEKIDs antenna since the pri-
mary fields are more directive than A-MKID design. Lens subtended angle, 0;.,, however,
differ for SPACEKIDs and A-MKID designs. Considering the fabrication constraints and
the spill-over performance highlighted in Fig. 6.13, we chose a lens truncation angle of
Orens = 55° and 0y, = 46.3° corresponding to a lens spill-over efficiency Npili—over Of about
0.82 and 70% for A-MKID antenna #1 and #2, respectively. Corresponding aperture di-
ameters are Dy = 1.55 mm (Dy = 4.3)\), Dy = 1.9 mm (D; = 2.33)\) and Dy = 0.94
mm (D; = 2.83)\) for SPACEKIDs design, A-MKID antenna #1 and #2, respectively.
The lens design parameters are highlighted in Fig. 6.14. It should be mentioned here
that such dimensions cannot be considered in the far field zone. Therefore, the efficiencies
highlighted in Fig. 6.13 are obtained by near field evaluation. Far field evaluation is also

performed and about 5% deviation is observed between near and far field evaluations.

As it is shown in Fig. 6.14, A-MKID antenna #2 does not have a typical A/4 ML made
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Figure 6.11: Antenna input matching S; obtained by (a) SPACEKIDs antenna (b) A-MKID antenna #1
and (c¢) A-MKID antenna #2.

of Parylene material as SPACEKIDs and A-MKID #1 antenna designs have. Instead, a
grooved silicon ML is designed and integrated on top of the silicon lens. Information on
the design of the grooved ML is given in Appendix E.

Considering the radiation inside the lens highlighted before, the phase variation observed
in SPACEKIDs antenna will certainly have an impact on the secondary beams, and even-
tually, on the feed aperture efficiency. We highlight the secondary beams from the selected
lenses in £/, D and H-planes obtained by the SPACEKIDs, A-MKID #1 and #2 antennas
in Fig. 6.15a, b and c, respectively. The figure shows that the beams are quite symmetri-
cal and the cross-polarization level is less than —20dB for A-MKID design. However, the
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Figure 6.12: Primary fields obtained by the optimized double slot designs for: (a) SPACEKIDs antenna
(b) A-MKID antenna #1 and (c) A-MKID antenna #2.

beams from the SPACEKIDs design is slightly larger in the H-plane than E-plane as a
result of significant phase variation in the H-plane in the primary fields. Anistoropic sap-

phire wafer also impacts the cross-polarization performance of the SPACEKIDs antenna

design.

The antenna aperture efficiency for all the designs is reported in Table 6.3. One can notice
the effect of the phase variation on the taper efficiency. The SPACEKIDs antenna suffers
from taper efficiency, providing an aperture efficiency about 53% whereas it goes up to
around 76% and 58% for A-MKID antenna designs #1 and #2, respectively. One can also
notice that AMKID antenna #2 suffers from radiation efficiency, being the lowest amongst
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Figure 6.14: Sketch of the lens geometry including the lens design parameters. Note that Sapphire wafer
is only used for SPACEKIDs lens whereas grooved ML is only for A-MKID antenna #2 design.

all. This is because of the low spill-over efficiency as a result of using a quite low lens

truncation angle, 6., since the lens thickness Tj.,s should be less than 150 pm due to
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Figure 6.15: Secondary beams after the lens obtained by the optimized double slot designs for: (a)
SPACEKIDs antenna (b) A-MKID antenna #1 and (¢) A-MKID antenna #2.

the fabrication constraints. Table 6.3 also includes an efficiency term 7s5umgap due to the
gap between the sapphire wafer and silicon lens for 850GHz SPACEKIDs antenna. This
gap is estimated to be around 5 pm in the fabrication process. To investigate the effect
of this gap on the antenna efficiency, we did some simulations for various gap values and
reported the secondary beams in the H-plane in Fig. 6.16. One can clearly see the effect
on the lens antenna directivity, and according to our calculations, using 5, 10 and 20 pm
gap values reduces the antenna efficiency of about 0.963, 0.79 and 0.5 times compared to
the case when there is no airgap between the chip and lens.

The schematic of the tightly spaced FPA scenario can be seen from Fig. 4.14 in Chapter
5. The lenses are hexagonally oriented and a single layer mesh absorber is used in order to
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Table 6.3: Aperture efficiency calculations for double slot based designs

1‘ Nref
A

! 0,
nse(;ls\::“ley
Efficiency SP:nthnIfIIaDS AMKID antenna | AMKID antenna
(850GH?) (350GH?z) (850GH?z)
Ntaper 0.715 0.92 0.94
Nrad 0.835 0.84 0.68
n
et feed 1, 0.98 0.99 0.99
Teed) o no 0.94 0.99 0.91
det
N5umgap 0.963 - _
Nap 0.529 0.757 0.575

suppress the radiation launching into the neighbor lenses due to the spill-over of the lens
feed (See lens cross-section in Fig. 6.14). Detailed information on the optimization and

the design of the SO absorber together with the performance AMKID #2 antenna array
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is given in Appendix D.

6.3 EXPERIMENTAL VERIFICATION

In this section, we analyze the measured antenna coupling efficiency (ng)fm) due to a black-
body source within a source solid angle of €2, and compare it with the simulated antenna
coupling efficiency (ngjs) that is related to the coupled power from the lens antenna into
a far-field aperture within a solid angle of £2,. Appendix A provides brief information
on the calculation of the simulated coupling efficiency while Appendix C briefly explains
the methodology used in order to obtain the coupling efficiency from the measurements.
Fabrication of the antenna and the measurements have been done by SRON. Here we just

report the measurement results to validate our CST simulations.

The schematic of the measurement setup with the lens array and the coupling aperture can
be seen in Fig. 6.17. In the measurements 1z4 SPACEKIDs antenna array is used as it is
highlighted in Fig. 6.17. The top view of the lens array can be seen from Fig. 6.18 whereas
the picture of the fabricated antenna integrated to the KID resonator and the readout line
is shown in Fig. 6.19. The antenna layout is shown in Fig. 6.20. Fig. 6.20a includes the
entire mask with readout electronics whereas Fig. 6.20b focuses on only one KID with the
antenna. In the measurement setup the antenna array is aligned along x-axis. One can
notice that the center point is aligned somewhere between lens #2 and #3, being close
to the mid point. This can be considered an uncontrolled shift and we include this shift
also in our calculations. The simulated and measured coupling efficiencies for all of the
lenses are highlighted in Fig. 6.21. One can appreciate the good agreement between the

the simulated and measured coupling efficiencies.

The frequency response of an antenna can be measured by using Fourier Transform Spec-
trometer (FTS). The FTS looks into a blackbody source with an angular extension much
larger than the antenna beam. Therefore the obtained power is proportional to the antenna
feed efficiency 7fceq. Fig. 6.22 shows the normalized frequency response of the antenna.
According to the figure there is a quite good agreement between the simulated and mea-
sured FTS.

The comparison of the measured and simulated beams after the lens are highlighted in
Fig. 6.23. A blackbody source that make a 2D grid scan with a 0.85THz filter is used as a
source to illuminate the lens. The simulations take into account the first transmitted pulse

from the lens surface. According to Fig. 6.23 there is a reasonable agreement between the
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Figure 6.18: Top view of the fabricated antenna including the zoomed version of the lenses.
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Figure 6.19: Picture of the fabricated double slot antenna for SPACEKIDs project (Focusing on a single

pixel).

Figure 6.20: Antenna mask including the antenna, A\/4 resonator and the coupler.
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Figure 6.21: Comparison of the measured and calculated antenna coupling efficiencies of the lens array.
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Figure 6.22: Comparison of the measured and the simulated FTS of the antenna.
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CHAPTER 7

A WIDEBAND DUAL-POLARIZED
TIGHTLY PACKED FOCAL PLANE ARRAY

This chapter presents the design and measurements of a wideband dual polarized leaky lens
antenna suitable for tightly spaced focal plane arrays. The antenna is composed by two
crossed leaky slots fed by two orthogonal microstrips or CPWs to realize dual polarization
operation. The crossed feeding structures are fed differentially in order to couple the ra-
diation into the slots. The slots are then coupled to a dielectric lens to achieve directive
patterns suited for feeding large F/D reflectors. In this work, the proposed leaky lens an-
tenna is optimized to achieve high aperture efficiency with clean symmetric patterns in both
polarizations exceeding an octave bandwidth. The concept is validated by the measurements

of the primary fields inside the lens at low frequency and the secondary beams at THz

frequency.
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7.1 INTRODUCTION

Applications in imaging, radio astronomy and space science typically require antennas that
are able to provide multi-beam solutions with large operational bandwidths. Many of the
instruments done for this kind of applications are based on antenna arrays located on the
focal plane of a large reflector. Future scientific instruments operating in the sub-millimeter
band of the spectrum are envisioned to have large format focal plane arrays (FPA) that
are based on single beam per feed and tight sampling and are coupled to reflector systems
with large F/D ratios (> 3) [1], [20].

For microwave frequencies, several wide bandwidth single reflector feeds such as ridged
horn antennas [59], eleven antennas [44], a coherently fed connected array of slots cou-
pled to silicon lenses [38] and studies with optimized lens profiles in [46], [60] have been
proposed with nearly frequency stable patterns coupled to small F/D ratios. Single feed
solutions, however, are optimized for efficient reflector illumination over wide bandwidths.
As a consequence, this type of feed solutions are typically characterized by a low taper
efficiency of the reflector feed. Instead, for focal plane arrays, Vivaldi [61], [62], corrugated
horn [63]- [64] or spline horn antennas [65], [66] are the most widely used antennas at
low frequencies. These later antennas can provide relatively low-sidelobes and cross polar-
ization levels at a moderate bandwidth with higher taper efficiencies than the single feed
systems. When the instruments require tightly spaced FPAs for full sampling of the focal
field, the taper efficiency of the feed antennas becomes particularly critical for the overall
system performance since it affects the spill over from the reflector [55]. The aim of this
work is to design a tightly sampled wideband dual-polarized FPA feed with high aperture
efficiency that could be used at high frequencies where large F/D ratios are typically pre-

ferred.

Lens antennas are widely used in the sub-mm band since they allow the integration the
antenna and detector on the same chip. Space instruments based on cryogenic power
detectors often use focal plane arrays based on dielectric lenses. In [10], a astronomi-
cal instrument based on about 25k FPA elements based on Kinetic Inductance Detectors
(KIDs) slot antennas coupled to silicon lenses has been developed. Achieving the men-
tioned number of array elements is a challenging target for any kind of horn antennas with
the fabrication techniques available nowadays. In the literature, the most commonly used
lens feed is a double slot antenna, which typically operates in a bandwidth much less than
one octave and with single polarization [2]. Other slot based lens feeds have been proposed
to improve the impedance bandwidth [67], [68], [69], [4], typically at the cost of the quality
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Figure 7.1: Schematic of the FPA design with its design parameters.

of the patterns. Sinuous antennas and spiral have been also proposed in [70], [71] to provide
wideband solutions. The main limitation of these antennas is the difficulty to integrate
them with planar transmission lines [72]. A new lens feed concept was proposed in [23] able
to operate at multi-octave bandwidths. This antenna consists of a leaky-wave slot kept at
an electrically small distance from the dielectric lens in order to improve the lens illumi-
nation. Recently, the combination of this leaky lens antenna with KIDs has been proved
to give nearly independent frequency response from 350 GHz up to 1.2 THz [73]. However

such antenna had a very low aperture efficiency, only being suitable for single feed systems.

In this chapter, we present the optimization of a tightly spaced FPA based on such con-
cept, see Fig. 7.1. Improving on the antenna concept presented in [23], we propose a dual
polarized extension that is able to provide high feed aperture efficiency over an octave band-
width. It consists of two orthogonal slots coupled into the two independent microstrips,
which can be easily integrated to differential receivers or KIDs. To our best knowledge,
the proposed leaky lens antenna is the only practical wideband dual polarization solution
that can be integrated to planar feeding lines on the same chip presently available at high

frequencies.

The chapter is organized as follows: In Sec. 7.2, we briefly mention about the state-of-art

solutions proposed for tightly spaced FPAs and compare their performances. In Sec. 7.3,
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Table 7.1: Reflector Feeds for FPA applications

Antenna type Frequency range Aperture efficiency PFL* | Polarization | Directivity X-pol

(central f)

Corrugated horn [63] 1:15 Between 38%-53% No Linear** ~ 20.5dB | < —30dB
[74] 1:1.6 Between 38%-58% No ~ 18.66dB | < —20dB

Spline horn [65] 1:1.16 Between 49%-54% No Linear ~ 26.4dB | < —28dB
Double slot antenna [2] 1:1.15 Between 60%-75% Yes Linear ~30dB | < —20dB
X-slot antenna [67], [68] 1:2 Between 40%-50% Yes Linear ~28.7dB | < —12dB
Sinuous antenna [70] 1:4 Between 39%-50% (Estimated) | Yes*** Dual ~22dB | < —17dB

(@12GHz, @24GHz) (50%, 43%) (Estimated)

This work 1:2.5 Over 60% Yes Dual ~ 28.7dB | < —12dB
1:5.25 Over 50%

*PFL: Planar feeding lines
** Dual polarized version may also be possible
*** Beam distortion due to the radiation of planar feeding lines unless the lines are extremely tiny in

terms of wavelength

we introduce the antenna concept and explain the slot excitation mechanism. This section
mainly focuses on a parametric study to optimize the antenna radiation in the presence of a
semi-infinite silicon stratification to maximize feed taper efficiency on the lens aperture. In
Sec. 7.4, we show the experimental validation of the radiation patterns inside semi-infinite
silicon. Sec. 7.5 focuses on FPA lens optimization where we show the performance of leaky
lens antenna array together with the reflector illumination. Finally, the conclusions are

given in Sec. 7.9.

7.2 STATE-OF-ART IN TIGHTLY SPACED FPAS

In this section, we provide a detailed summary of the different antenna geometries that
could be used in wideband and tigthly spaced FPAs. Table 7.1 shows the summary of
the operational bandwidth and aperture efficiency values that can be obtained by the
most widely used geometries in the literature. When some of these parameters were not
explicitly given, we give our best knowledge estimation. The information on the type of

the antenna polarization and possibility to integrated with planar feeding lines is also given.

Vivaldi antennas have been proposed for wideband imaging applications ( [61], [62]) since

they are matched within a bandwidth in the order of several octaves and able to provide
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stable beams over an one octave [75]. Used in single feed per beam scenarios, Vivaldi
antennas suffer from strong coupling [55]. Therefore, they are typically used as phased

arrays for multiple feed per beam scenarios with F'/D ratios typically less than 1 [61], [62].

Pyramidal and conical horns, common at high frequencies, are characterized by a aperture
efficiencies of about 50%-60% [76]- [77] and offer a bandwidth up to 1 : 1.5. In order to
achieve high reflector illumination efficiency, corrugated horn antennas have been proposed
in the literature [63]- [64]. These antennas typically present low side-lobe and cross po-
larization levels. The aperture efficiencies of corrugated horns presented in [63] and [74]
are comparable to the conventional ones since they are optimized for 2A\F'/D feed spacing.
The manufacturing difficulties are significant for corrugated horn based FPAs at mm and
sub-mm frequencies. As an alternative solution, smooth-walled spline horn antennas have
been proposed in [65], [66]. Although this kind of smooth-walled horns are typically char-
acterized by slightly better aperture efficiencies compared to corrugated horns, they can
only provide narrower operational bandwidth than corrugated ones due to their increased

lengths.

Integrated lens antennas, on the other hand, can provide more practical solutions since
they are easier to manufacture in tightly sampled FPAs [10]. A double slot antenna is the
most widely used lens feed [2]. It provides an aperture efficiency of 75% at the center of the
bandwidth. This later is limited by to about 1 : 1.15 by the impedance matching. Similar
designs have been investigated in [4], [78]. Wideband lens feeds such as the X-slot [67]- [68],
a broadband slot feed so-called XETS antenna [69], sinuous antenna [70], [71] and spiral
antennas [72] have been also proposed in the literature. The X-slot antenna can operate
over an octave bandwidth with an aperture efficiency between 40%-50% [68]. XETS an-
tenna also provides an octave bandwidth with a linear polarization only [69]. A wideband
and dual polarized lens feed was proposed in [70]. The feed is based on a sinuous antenna
with nearly frequency independent patterns. Using the data provided in [70], we calculated
the taper efficiencies, at 12 and 24 GHz, to be 69% and 66%, respectively. Including a
matching layer, this sinuous antenna will have a peak of about 50% aperture efficiency.
When it comes to feeding mechanism, either integrated or the differential feeds can be
used with sinuous antennas [70]. However, the use of planar feeds disturbs their radiation
characteristics significantly [72], unless the width of feeding lines are much smaller than
the wavelength. A scaled version of the sinuous antenna presented in [71] was used to
operate continuously within a frequency band starting from 60 GHz up to 240 GHz. It is
able to provide dual polarization with planar feeding lines. The width of the microstrip

transmission lines used in [71] is about A\y/2000, where )\, is free-space wavelength at the
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highest frequency in the design. The requirement of extremely small feeding lines limits

the use of these antennas at higher frequencies.

The table also includes the performance of our proposed design based on a leaky lens
concept. The details of the antenna optimization are given in the coming sections. The
proposed dual polarized leaky lens antenna provides a peak aperture efficiency of 70% and
it is higher than 50% within a bandwidth of 1 : 5.25 while it exceeds 60% for a bandwidth
1 :2.5. Moreover, the proposed antenna does not suffer from significant coupling to the
feeding lines affecting the radiation patterns since it has a much larger ground plane than
the sinuous antenna. The microstrip width in the present design is about 1/86)¢ at the
highest frequency. The design can be extended to coplanar waveguide feeding lines with
a dimensions of 1/39), [79]. Based on these results, the proposed leaky antenna solution

offers a viable path for tightly spaced and widband integrated FPAs at high frequencies.

7.3 SINGLE AND DUAL POLARIZED LEAKY SLOTS

In this section, first, we will focus on the optimization of the fields radiated into semi-
infinite dielectric by a single polarized leaky slot antenna. Then, using the optimized
single polarized leaky slot, we will modify the it accordingly to achieve the proposed dual-

polarized leaky slot design.

The geometry of the proposed dual-polarized leaky slot antenna is sketched in Fig. 7.2. It
consists of a semi-infinite dielectric with a permittivity of €% fed by the leaky slot that
is etched on a ground plane located on top of a membrane. The membrane is placed at a
certain electrically small distance h from the bottom part of lens. It has a permittivity of
ememb and a thickness of h,,. On top of the membrane, an electrically long tapered slot is
printed with a length of [,, an initial width of wy and a final width of w,. A microstrip
transmission line with a length of /,, and a width of w,, printed on the other side of the

membrane is used to couple the radiation into the slot as it can be seen from Fig. 7.2c.

In the optimization process we used a semi-infinite dielectric medium with a permittivity
of €4 = 11.9. In order to optimize the radiation patterns from the dual-pol leaky slot, a
parametric study is performed for a bandwidth 1 : 2.5, namely starting from 8 to 20 GHz.
In order to maximize the lens antenna aperture efficiency, for each of the polarizations, the
leaky wave slot should ideally generate a top hat pattern, inside the dielectric, with low
cross-polarization. The shape of the pattern is directly related to the leaky wave propa-
gation constant, 8 — jo [23]. Typically the pattern generated in silicon by a long slot in

the presence of an air cavity has two pronounced peaks at = +sin~*(3/k,) , where kg is
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Figure 7.2: Schematic drawing of the microstrip fed single polarized leaky lens antenna showing; (a) The
perspective view of the antenna with a semi-infinite silicon dielectric located on top, separated by an airgap,
h, from the ground plane, (b) the central part of the crossing slots, and (c) the microstrip transmission
lines printed on the bottom side of the membrane to couple the radiation to the orthogonal slots.

the wave number in the silicon. Fig. 7.3 shows the radiated field inside the semi-infinite
silicon dielectric medium simulated with CST MWS [26] at 15 GHz for various airgap and

slot tapering angle values.

The leaky wave propagation constant can be controlled by changing the height of the air
cavity, h, and the width of the slot w,. Larger cavity heights lead to leaky waves with
smaller attenuation constants «. Fig. 7.4a shows the difference between the maximum
directivity of the antenna (D) and the directivity at broadside (D(0,0)) as a function
of the cavity height. Therefore the gap should be small, typically limited by the fabrication
constrains. The cross-polarization level is instead influence by two parameters: the cavity
height and the slot tapering angle. Figure 7.4b shows the difference between the maximum
level of the co (Copg,) and cross polarization (Cross,,.,) components as a function of the
cavity height whereas Fig 7.4c and d show the impact of the slot tapering angle. The larger
tapering angle is, the lower the cross polarization level. The upper limit for the tapering
angle is then given by —10 dB beam-width for a proper lens illumination [2] and azimuthal

symmetry of the radiated fields.

The leaky wave propagation constant can be controlled by changing the height of the air
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Figure 7.3: Primary field variations inside the semi-infinite dielectric that is separated from the ground
plane with an airgap h for various airgap and slot tapering angles, v, at f = 15 GHz. (a) includes co-polar
beams in F and H-planes and whereas (b) highlights co and cross-pol radiation in D-plane.

cavity, h, and the width of the slot w,. Larger cavity heights lead to leaky waves with
smaller attenuation constants «. This will imply more pronounced peaks. Fig. 7.4a shows
the difference between the maximum directivity of the antenna (D,,,,) and the directivity
along the broadside (D(0,0)) as a function of the cavity height. It is clear from Fig. 7.4a
that, indeed, larger cavity heights lead to higher peaks that are associated to the lower
attenuation constants. The cavity height has also an impact on the cross-polarization. Fig.
7.4b shows the difference between the maximum level of the co (Co,,q.) and cross polar-
ization (Cross,,q,) components in dB. According to the figure, the higher cavity distance is
being used in the design, the more cross-pol radiation one gets from the antenna. Fig. 7.4c
and d show the results for different slot tapering angles for a fixed cavity height. Larger
slots lead to stronger leaky wave attenuation. Therefore, the use of taper slots reduces the

level of the leaky wave peaks as well as the cross-polarization level.

The —10 dB beamwidth of the radiation inside a semi-infinite silicon medium is highlighted
for various tapering angles in Fig. 7.5a and b for £ and H-planes, respectively. According
to the figure, increasing slot tapering angle yields to more symmetric beams in both planes.
On the other hand, due to the fact that larger slots provide higher attenuation constants,
eventually the beams become wider as the tapering angle increases. This, however, is

not the desired behavior for this particular design since it may be an issue considering
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Figure 7.4: Maximum directivity (D4, ) with respect to to broadside directivity (D(0,0)) as a function of
a) airgap distance, b) tapering angle, and, the difference between the maximum of co and cross polarizations
for primary fields inside the semi-infinite dielectric for different c) airgap values, and d) tapering angles.

the antenna will radiate significant field towards to the lateral part of the lens that will
end up with having strong inner reflections from the dielectric-air boundary. One should
be careful about these reflections since they may change antenna radiation characteristics
significantly. As a result, the optimum performance has been obtained for h = 0.4 mm,
wo = 0.24 mm and w, = 23 mm, which corresponds to a slot tapering angle, v ~ 15°. The
radiated pattern for these conditions is also shown in Fig. 7.3 and it will be representative

both for dual and single polarized antennas.

The phase center variation of the primary fields is also studied and the results were high-
lighted as a function of frequency in Fig. 7.6 for E and H-planes. The phase center location
is calculated by using CST MWS where —10 dB radiation angle for the primary fields that
was highlighted in Fig. 7.5 were taken as a reference. As expected, the phase center of
the leaky slot antenna is located underneath the ground plane and Fig. 7.6 shows that the
single-pol leaky antenna provides a reasonably stable phase center within the entire band-

width, with having a maximum variation about 5 mm and 2 mm in the H and E-planes,
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Figure 7.5: -10 dB beamwidth variations for the primary fields inside the semi-infinite dielectric for various

slot tapering angles v for a) H-plane and b) E-plane.

0
—~ 5| aceeememmmmmmmmmm e
g - -
E 10
g
E -15
@)
% -20
=
A -25 — H-plane
= = E-plane
-30
8 10 12 14 16 18 20

Frequency (GHz)

Figure 7.6: Phase center variation of the beams radiated into semi-infinite silicon in £ and H-planes as a

function of frequency.



7.3. Single and Dual polarized leaky slots 117

Silicon

0

Ground plane

Ground plane

Figure 7.7: Schematic drawing of the microstrip fed dual polarized leaky lens antenna showing; a) an
extended hemispherical lens fed by a membrane placed at a certain distance, h, from the ground plane, b)
the geometry of the dual polarized tapered slot fed by two crossed microstrips, and, c¢) the central part of
the crossing slots.
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Figure 7.8: Schematic of the microstrip transmission lines located underneath the membrane. The crossing

microstrips are connected in the center.

respectively.

Having optimized the radiation characteristics of the single-pol leaky slot antenna, we now
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Figure 7.9: Demonstration of the excitation mechanism of the dual-pol leaky antenna depending on port
the excitation signals.

propose the dual polarized version of the optimized design by means of introducing an or-
thogonal slot into the design shown in Fig. 7.2. The orthogonal slots are coupled, in turn,
by two orthogonal microstrips printed on the other side of the membrane as it can be seen
from Fig. 7.8. Since the two slots are fed symmetrically, the performance of two polariza-
tions is the same. In order to generate the two polarizations, the microstrip transmission
lines are fed by Port 1, Port 2, Port 3 and Port-4 simultaneously. Fig. 7.9 highlights the
electric field distribution across the slots depending on the port excitations. To excite one

polarization at a time, the ports should be fed by using one of the following schemes:

e Port 1= =V, Port 2= —V, Port 3= +V Port 4= +V (In order to excite the slot

aligned along z-axis).

e Port 1= -V, Port 2= +V, Port 3= +V and Port 4= —V (In order to excite the slot

aligned along y-axis).

where V' is the amplitude of voltage excitation defined for the ports in the simulations.

To prove we have similar radiation characteristics from the single and dual polarized leaky
slot antennas, in Fig. 7.10, we compare the primary fields from these two designs in F
and H-planes at 10 and 15GHz, respectively. As one can notice from the figure, the two

antennas provide almost identical beams as expected.
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Figure 7.10: The dimensions of the optimized lens. The lenses are tightly packed to form an hexagonal

array to be used as a FPA.

7.4 EXPERIMENTAL VALIDATION OF THE PRIMARY FIELDS

The dual-polarized slot has been manufactured using standard printed technology and it
is shown in Fig. 7.11. The air cavity has been created by using a grid structure of ceramic
material with a height of h = 0.4 mm and a permittivity of 3.55. Thanks to the gridded
structure, the effective permittivity is close to efj%ﬁi = 1. The membrane was made with
Rogers RT6002 with a permittivity of €™ = 2.94 and a thickness of h,, = 0.127 mm.
The transmission lines have a width of w,, = 0.175 mm with a length of [,, = 30 mm
(From the connector to the center of the slot). The antenna presented is well matched to
a microstrip line with a characteristic impedance of 75 €2 over a bandwidth larger than
two octaves. The active reflection coefficient is measured and has good agreement with the

CST simulations, as shown in Fig. 7.12.

In order to measure the radiated fields inside the dielectric, a near field broadband wave-

guide probe operating from 9 to 26 GHz is located on the top of a half dielectric sphere with
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Figure 7.11: Images of the low frequency prototype: a) ground plane, b) ceramic grid located on the top
of ground plane to serve as an airgap, c¢) microstrip feeding lines located underneath the membrane, and
d) the dielectric lens located on the top of the dual pol leaky wave antenna.
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Figure 7.12: Comparison of the measured and simulated active S-parameters.
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Figure 7.13: A near field probe is positioned just above the hemispherical lens in order to measure the

primary fields from the proposed dual-pol leaky slot antenna.

a radius of R = 95 mm. The dielectric sphere is made of ECCOSTOCK HIK 500F ® [50],
with relative a permittivity of 11.9. The antenna is fed by only one port at a time while
all the other ports are terminated with matched loads (See Fig. 7.13). The contributions
from the other ports are taken into account by superposing the fields measured at each
port. 6 and ¢-components of the field are measured by rotating the probe by 90° along its
axis. The dielectric sphere is not covered by a matching layer and the inner reflections at

the dielectric-air interface are time gated in the post processing.

During the measurement campaign, we found out that the sphere material was not uniform
and presents an anisotropic behavior. Therefore the measurements were repeated three
times by rotating the dielectric sphere, only, along ¢ as highlighted in Fig. 7.11d. The
measured radiated fields inside the dielectric are compared with the simulated ones at
three frequencies, 10, 15 and 20 GHz in Fig. 7.14 and Fig. 7.15 for the H and E-
plane, respectively. Due to the anisotropy, Figs. 7.14 and 7.15 include the measured
fields at three different ¢ sphere rotations. As it can be seen from the results, there is a
good agreement between the measurements and CST simulations for H-plane whereas the
agreement becomes worse for the E-plane. For this field polarization, the measured results

depend strongly on the dielectric sphere rotation.
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Figure 7.14: Comparison of the H-plane measured patterns for three lens rotation angles, 1, for the
frequencies at: a) 10 GHz, b) 15 GHz, and ¢) 20 GHz.

7.5 THz FPA OPTIMIZATION

In this section, we present a practical implementation of a tightly packed FPA based on
directive leaky lens feeds. The application of the proposed antenna is sub-mm astronomical
observations with reflector systems of F//D > 3. For the lenses fed by directive feeds, the
impact of the mutual coupling in the radiation pattern can be neglected. The lens antennas
has been analyzed by using a numerically efficient Physical Optics (PO) algorithm [22].
The schematic of the final lens geometry is highlighted in Fig. 7.1. The lens material has
the same permittivity as the semi-infinite dielectric medium used for the slot optimization
(elems = il = 11.9) with having a radius of R, an aperture of Dy, an extension length of
L = 0.31R, and a lens truncation angle of 6.,s (See Fig. 7.1). The lens is coated by a
Aa/4 matching layer made of Parylene material (eM% ~ 2.62), where )\, is the wavelength

at inside the dielectric at the center frequency, fy.

In Fig. 7.16, the proposed leaky lens antenna aperture efficiency, 7,,, as a function of

frequency is highlighted. The lens antenna has a maximum aperture efficiency about 70%
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Figure 7.15: Comparison of the F-plane measured patterns for three lens rotation angles, 1, for the
frequencies at: a) 10 GHz, b) 15 GHz, and ¢) 20 GHz.

while it is higher than 60% within a bandwidth of about 1 : 2.5. Moreover it remains higher
than 55% over the entire bandwidth (See Fig. 7.16). The simulated aperture efficiencies
obtained by full-wave CST simulations have been also shown in Fig. 7.16 at six discrete
frequency points (highlighted by black dots) obtaining good agreement between PO and
CST simulations.

As a specific example, here, we consider a proposed sub-mm wave space astronomical
instrument envisioned to operate over an octave bandwidth from 1.4 to 2.7 THz and cou-
pled to a telescope with F//D > 10 [20], [21]. Different feed samplings (d = 0.5\0F/D,
d = AF/D) of the focal plane are under consideration. Here )y is the free-space wave-
length at the center frequency, fo. The proposed FPA design has a feed separation of
d = 1.6mm with the lenses having an aperture of Dy = 1.6mm (which corresponds to
Dy = 10.66)), a radius of R = 0.9mm (See Fig. 7.1), an extension length of L = 0.31R
and a lens truncation angle of 0;,,s = 46.3°.

The Co and cross polar radiations patterns of the proposed lens antenna are shown in Fig.
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Figure 7.16: Aperture efficiency of the proposed lens antenna as a function of frequency.

7.17 for 0.66 fy, fo and 1.33fy, respectively. Fig. 7.17 shows that the beams after the lens
are quite symmetric in £, H and D-planes. The lens antenna has a cross-polarization less
than —12 dB within an octave bandwidth. Phase distribution of the reflector feed patterns

can be seen from Fig. 7.17d for £ and H planes, at the same frequency points.

7.5.1 REFLECTOR SIMULATIONS

In Fig. 7.19, we compare the reflector illumination efficiencies, simulated with GRASP,
obtained by the proposed design and a feed with a uniform aperture current distribution
(Nap = 100%) for d = 0.5,1 and 2A\oF/D feed spacings as a function of frequency. The
2X\oF/D is also included in Fig. 7.18 for reference. The ratio of the reflector efficiencies
(Meaky /Muniform) for feed samplings d < A\gF'/D is basically the feed aperture efficiency
reported in Fig. 7.16. This is because the reflector illumination efficiency is solely domi-
nated by the reflector spill-over efficiency for tightly spaced FPAs (d < A\gF/D). Therefore,
for such small feed samplings, one has to maximize the feed taper efficiency. Instead for
d = 2\oF/ D, the reflector efficiency is a trade off between spill over and taper efficiencies,

and therefore the reflector feeds are typically optimized for high Gaussicity [2].
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Figure 7.17: Co and cross-pol radiation of the reflector feed with a lens aperture of Dy = 10.66\g at the
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the beams. Here (d) shows the phase distribution of the secondary beams in E and H-planes at the same

frequency points.
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The radiated patterns from the considered telescope are shown in Fig. 7.18 for d =
0.5MF/D and M\ F/D. It shows that tight samplings lead to lower cross-polarization
levels in the telescope radiation patterns since the feed cross polarized fields do not reach
the telescope (i.e. smaller subtended angle, 6y, as shown in Fig. 7.17). Therefore, for
tightly spaced FPA, the achieved cross polarization level in the proposed antenna system
is less than —35dB.

7.6 THz PROTOTYPE

In this section, we will show the performance of the design to be used within SAFARI band
(1.4 THz to 2.7 THz). To do so, as a first step, the dimensions of the optimized prototype
will be scaled down accordingly. Here, we use a dimension scaling factor of 1/133. Then,
as a second step, we replace microstrip transmission lines with CPW transmission lines in
order to make the GP planar. This means that the KID resonator and the antenna can be
etched on the same layer (See Fig. 7.20) which makes the fabrication process much easier
in sub-mm band. In principle, assuming that there is no radiation coming form the CPW
lines, these two design should provide radiation patterns. To prove this, we also simulated

the design with CPW lines and according to our simulations, indeed, using CPW line in-
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Figure 7.21: Radiation pattern comparisons for the optimized antenna with CPW and MS transmission

lines at 1.4THz and 2.6THz, providing almost same radiation patterns in transmission.

stead of MS line does not alter the radiation patterns it is highlighted in Fig. 7.21.

Secondly, we introduce a spill-over (SO) absorber to suppress uncontrolled power launching
in the lens array. Finally, as a last step, due to the fabrication limitations, we replace the
Parylene A/4 ML with an alternative grooved ML design that is entirely made of silicon
to serve as a wideband ML in sub-mm prototype. We have followed the similar steps de-
scribed in Appendix D and E for the SO absorber and grooved ML designs, respectively.
The unit cell dimensions of the optimized SO absorber and the grooved ML are highlighted
in Fig. 7.22. We simulated the optimized single lens when it is coated with the grooved
ML and compared with the simulation when the lens is coated with the Parylene \/4 ML

in CST. In the simulations, an E-field probe is located on top of lens and the simulations
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Figure 7.22: Unit cell dimensions of (a) the spill-over absorber and (b) grooved ML.

are stopped after first pulse is transmitted. The spill-over (1'**) and the reflection (7))
efficiencies defined on the lens with both ML designs are highlighted in Fig. 7.23. As one
can see, we have a very good agreement between the grooved ML and the Parylene A/4

ML. This proves the proposed grooved ML design works properly within the proposed band.

After finalizing the grooved matching layer and SO absorber design, we can demonstrate
the final geometry of the HF antenna array. The cross section of the design is highlighted
in Fig. 7.24. Aperture efficiency obtained by the final prototype with the grooved ML and
SO absorber is highlighted in Fig. 7.16.

7.7 EXPERIMENTAL VALIDATION

In this section, we will validate the simulated (n:%,) and measured (nf%,,) antenna coupling
efficiencies of the single-pol leaky lens antenna (See Appendix A and B for the detailed
information on the methodology). The measurements have been done in SRON and a
single polarized version of the proposed design have been used in the measurements. The

fabricated array has 1k pixels and a picture including some of them is shown in Fig. 7.25.
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Figure 7.25: Picture of the fabricated single polarized leaky array (Courtesy of SRON).

The measurements have been done by using a single pixel of the proposed array and the
lens is not coated by a ML. As mentioned before, one should expect similar results from
proposed dual-pol leaky lens antenna since they provide almost identical beams as demon-
strated in Sec. 7.3.

Similar steps have been followed as in Chapter 6 to validate the antenna coupling efficiency.
Qs

co,m

The simulated 7,7, and measured 7 coupling efficiencies are highlighted in Fig. 7.26.

Qs
It is important to ’remind here that the lens is not covered by a ML. Fig. 7.26 includes the
scenarios where the lens is exactly located in the center and a 20 pm shift is introduced
between the GP and the lens. This is due to the uncertainty in the fabrication process. It is
very difficult to know exactly if the leaky slot is centered with the lens or, if not, the exact
shift introduce in the measurement setup. Fig. 7.26 shows that the simulated antenna
coupling efficiency varies between 0.102 and 0.158 within a tolerance of 20 pm shift. The
measured coupling efficiency is about 0.11. It is fair to say that we have a quite good agree-

ment between the simulated (with 20 pm shift) and measured antenna coupling efficiencies.

The comparison of the measured and simulated F'T'S data of the single polarized leaky lens
antenna has been shown in Fig. 7.27. In the figure, the dashed black curve represents the

raw measured F'TS data which includes the effects coming from the filters that are present
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Figure 7.26: Comparison of the simulated and measured antenna coupling efficiencies obtained by the
isolated single polarized leaky lens antenna at 1.55 THz.

in the measurement setup. Solid black line shows the measured FTS with the corrections
after eliminating filter effects. The measured FTS datas show the wideband behavior of
the proposed leaky lens antenna design. However, the presence of the water molecules in
the measurement setup and possible standing waves between the source and aperture still
have an impact on the F'TS data. In fact, in Fig. 7.27, the oscillations in the measured
FTS results are mainly associated to the water absorption lines due to the presence of the
water molecules in the setup. Using the data provided in [80], the frequencies where the

water absorption line effect is significant are highlighted by red-dashed curves in Fig. 7.27.

Following, we highlight the comparison of the simulated and measured secondary beams
in Fig. 7.28a at 1.55 THz since we have the measured data only at 1.55 THz. In the
measurement setup, a blackbody source that can make a scan in 2D plane and equipped
with a 1.55 THz filter is used as a source to illuminate the lens. It should be mentioned
here that the measurement setup has an aperture stop to suppress the incoming radiation
outside the solid angle of about 12°. Figure 7.28a shows that the agreement between the
simulated and measured beam is quite good. For the sake of completeness, we also highlight
the simulated beams after the lens at 2 THz and 2.6 THz in Fig. 7.28b and c, respectively.



7.8. Dual Polarized Antenna Operation in Reception 133

---------- Simulated FTS
= = = Measured FTS (raw data)
——— Measured FTS (After eliminating the filtering effects)

Water
absorption
lines

0.8

0.6

FTS

0.4

().2 . - - . - . - .

! I P W Y

- | 114THz27THz Y=~

5 1 1.5 P 25 3
Frequency (THz)

Figure 7.27: Comparison of the simulated and measured FTS datas obtained by the isolated single polarized

leaky lens antenna.

7.8 DuAL POLARIZED ANTENNA OPERATION IN RECEPTION

Since we do not have measurement results from the proposed dual-polarized leaky lens
design yet, in this section, we will evaluate the performance of the dual polarized leaky
lens antenna in reception by using CST MWS in terms of antenna efficiency and beam
patterns. We directly use the HF design with CPW transmission lines. In order to analyze
the antenna in reception, one has to launch separate simulations for each of plane waves
impinging to the antenna surface with a certain incident angle, 6;. The simulations takes
much longer time in reception compared to the scenario when the antenna is operating in
transmission. Therefore we will perform the simulations for only E and H-planes with 4
incident angles, §; = 0°,5° 10°, and 15°, respectively (See Fig. 7.29) which is quite enough
to characterize the main beams in reception. Also, we use a scaled version of the lens given

in the previous section with a scaling factor of 1/1.75 in order to accelerate the simulations.

It is important to state here that within the proposed bandwidth of SAFARI instrument,
the reception mechanism of the antenna is slightly different than the antennas designed
for A-MKID or SPACEKIDs projects since we use a thicker GP and CPW transmission
line, about 75nm and they are both made of Aluminum. Direct measurements from SRON
proved that Al film has some lossess within the proposed band. Therefore, for this design,
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Figure 7.28: Radiated beams from the isolated single polarized leaky lens antenna: (a) Comparison of the
simulated and measured secondary beams at 1.55 THz, (b) simulation results at 2 THz and (c) simulation
result at 2.6 THz in F, H and D-planes.



7.8. Dual Polarized Antenna Operation in Reception 135

Incoming plane waves

4 T“-

H- plane

I\
'\

R

==
S~

Figure 7.29: Incoming planes waves defined for E and H-planes with incident angles of 6; = 0°,5% 10°
and 15Y.

the incoming radiation captured by the antenna will not be absorbed solely by the lossy
CPW line but some part of it will be dissipated inside the GP. However, the detector is
only sensitive to the power absorbed on the inner CPW line. As a result, one needs to

evaluate two parameters obtained from CST reception simulations:

e The power absorbed by the ground plane (P$F)

abs

e The power absorbed only inside the lossy CPW inner conductor (PSEW)

abs

Here, we are interested in the antenna efficiency (nﬁ)’”) and the angular pattern of the an-

tenna (F'(6;)) in reception. Once we know PGF and PGEW | they can be calculated as:

Rx PGP(Q _0)

abs

and
PCPW(Q)
F(#; __—abs \"Y 9
0= v =) (2)

where PEW, refers to the total RMS inward power on the lens aperture due to the broadside

plane wave incidence. Assuming a constant electric field distribution along the aperture
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Figure 7.30: Antenna efficiency comparison in transmission and reception for 1.4THz, 1.8THz and 2THz.

with a magnitude of Ejy, it can be calculated as:

pPPW. — E—gA h (7.3)
RMS = 9, 4% :
Where A, is the physical area of the lens aperture.

In principle, the proposed antenna can be used for the applications that require the antenna
to serve either as a transmitter or as a receiver. Indeed, due to the reciprocity theorem
one may assume that these two scenarios, antenna being used in transmission or reception,
should yield to same beam patterns. In transmission, as explained in Section 7.3, the
antenna is excited by the ports with a certain symmetry (See Fig. 7.9). In reception, the
symmetry of the excitation happens only in the presence of a plane wave impinging to the
lens along broadside (6; = 0Y). Therefore, one can expect to achieve similar antenna aper-
ture efficiencies when the antenna is operating in Tx and Rx where an incident plane wave
along broadside is used to illuminate the lens. To show this, we have evaluated the antenna
aperture efficiencies in transmission and in reception at 1.4 THz, 1.8 THz and 2 THz and
reported in Fig. 7.30 at each frequency point. According to the result, we have an ex-

cellent agreement between total antenna efficiencies obtained in transmission and reception.
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Figure 7.31: Comparison of the antenna beams in reception and transmission at 1.4THz and 2THz.

When it comes to the beam patterns, however, one has to evaluate the lens antenna with an
incoming plane waves at oblique incidence (6; # 0°). Since the excitation of the symmetry
does not hold for oblique incidence anymore, one can expect to have some differences in
the beams obtained in transmission and reception scenarios. To prove this, the antenna
beams in Tx and Rx are evaluated and compared in Fig. 7.30 for 1.4 THz and 2 THz. Fig.
7.31a and b show the normalized beam at 1.4 THz, whereas Fig. 7.31c and d highlight the
patterns at 2 THz for H-plane and E-planes, respectively. Although the angular distribu-
tion of the antenna beams in transmission can be obtained by a single CST simulation,
the simulations in reception have to be launched for each specific observation angle which
is time consuming. As mentioned before, here, we evaluated the beams in reception at 0°,
5%, 10° and 15° and highlighted with dots in Fig. 7.31. It can be seen that there is an
excellent agreement in the E-plane, both for 1.4 THz and 2 THz. However, the difference
in the H-plane is significant. The beams obtained in reception is about 1.4 times wider
than the beams in transmission. This result is not trivial, in fact, kind of expected due to

the reason given above.

One of the possible solutions to hold the excitation symmetry also for the oblique incidence
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Figure 7.32: Proposed CPW fed dual polarized leaky slot geometries: (a) The ordinary design and (b) the

modified design with airgap located at the center, seperating the crossing CPW lines.

scenario in reception is to decouple the CPW transmission lines in the center by means
of using an air bridge in the center of the antenna as it is shown in Fig. 7.32b. Same
simulations in reception are launched for the modified antenna design with an air-bridge
in the center and the results are highlighted in Fig. 7.33. The figure clearly shows that
the modified antenna provides the same beams in reception and transmission both for E

and H-planes.

7.9 (CONCLUSION

The dual polarized leaky lens antenna presented in this contribution is able to provide clean
symmetric beams with high aperture efficiencies for a bandwidth more than one octave.
The proposed antenna provides a planar integrated solution which allows easy and low
cost manufacturing process unlike the horn antenna solutions since they suffer from these
issues, especially for higher mm and sub-mm wavelengths. The design has a maximum
lens aperture efficiency of 70% while it operates within a bandwidth over 1 : 5 with an
aperture efficiency more than 50% or 1 : 2.5 where the aperture efficiency is more than
60%. The entire antenna system has a very good cross polarization performance. Namely
the maximum cross polarization level is less than —35 dB for d = A\gF'/ D sampling whereas
it remains even lower, less than —49 dB, for d = 0.5\ F/D.

According to the results highlighted in the text, we believe that the proposed antenna
design lends itself as an extremely useful alternative for next generation sub-mm wave

space astronomical instruments.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

The last chapter of this thesis will summarize the scientific results have been discussed

within the previous chapters and explains the possible future research lines.
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8.1 CONCLUSIONS

This thesis has focused on the development of high performance integrated lens antenna
solutions to be used for sub-mm wave & THz astronomical observations. The work is
divided into two parts: The first part aimed at a single lens fed by multiple feeds to
achieve frequency stable radiation for effective reflector illumination. Part II, on the other
hand, focused on a single feed per lens scenario, specifically targeting at tightly spaced FPA
applications. Two scenarios have been considered for FPA design: Earth based and space
based astronomical observations. Depending on the requirements of the instruments, a
double slot based approach has been used for Earth based astronomy whereas a dual

polarized wideband antenna design has been proposed for space based observation.

8.1.1 SINGLE LENS SCENARIO

First, we performed a parametric study in order to characterize an extended hemi-spherical
lens fed by a connected array of leaky slots within a bandwidth ratio of 1:4. A spectral
domain approach has been used to characterize the field radiated by the array whereas
an accelerated PO method is employed in the lens analysis. We started investigating the
radiation characteristics of the lens as a function of the feed position and the length of the
lens extension. It turned out that extension lengths close to 0.35R (R being the radius
of the lens) lead to maximum directivity values from the lens antenna for higher edge of
the frequency band whereas the extension length tends to be lower for lower frequencies,
being about 0.3R. The investigation of the reflection losses on the lens surface showed that
increasing the lens extension length provides slightly higher scan losses. Fixing the lens
extension length, higher frequencies lead to lower reflection losses since the directivity of

the beams inside the lens is proportional with the frequency.

The study of losses due to mutual coupling between the array elements showed that 0.3\
spacing between the elements provide a loss below 0.5 dB at the lowest frequency, fy. One
can use tapered slots instead of straight ones to reduce the mutual coupling losses even
further. This may allow one to pack the elements tightly for FPA applications where high
spatial resolution is needed. Besides, it has been demonstrated that introducing slot ta-

pering in the array helps to improve antenna cross polarization performance.

Having studied the radiation characteristics of a connected array of leaky slot antennas, a
coherently fed leaky slot array is introduced as a lens feeder within a bandwidth of about
1 : 3. The proposed lens antenna is able to provide frequency stable beams to maximize the

reflector illumination efficiency within the band of operation. Performance is estimated in
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terms of amplitude taper and phase error losses at the reflector, yielding a reflector aper-
ture efficiency of about 80% over the entire 1 : 3 bandwidth. A LF prototype covering
a band from 4 to 12 GHz has been fabricated. The simulated antenna performance has
been validated with the measurements from the prototype. The measured antenna beams
and reflector illumination efficiency have a quite agreement with the ones predicted by the
simulations. Although the results of the LF prototype is shown, the antenna can be easily
scaled accordingly for sub-mm band and it satisfies all the specifications required by the
DESHIMA instrument.

Another approach to achieve frequency stable beams could be to use the Double Shell
Lens (DSL) concept instead of using the concept of feeding the array elements coherently.
For this purpose, a connected leaky slot array with 23 x 23 feeding elements have been
integrated to an optimized DSL. It has been demonstrated that the antenna is able to
provide quite stable beams within a bandwidth of one octave both for on-axis feed and
off-axis feedings. A conventional silicon extended hemispherical lens has been used as a
reference design. According to the results the proposed DSL based antenna has a gain
variation of 2.7 dB whereas it becomes about 6 dB for the conventional lens design. Using
a DSL also improved the scan loss by about 1 dB within the band.

8.1.2 TicHTLY SPACED FPA SCENARIO

When it comes to tightly spaced FPA, it has been demonstrated that the feed aperture
efficiency becomes crucial to maximize the total system performance, and therefore, the

imaging speed.

For this purpose, first, a double slot based antenna design have been proposed for Earth
based observation. This scenario includes two project: SPACEKIDs project and A-MKID
project. Depending on the requirements of each project three double slot antennas have
been designed. The antennas have been optimized to maximize their feed aperture effi-
ciency at the optimization frequency which is 850 GHz for SPACEKIDs and A-MKID band
2 and 350 GHz for A-MKID band 1. The simulated feed aperture efficiencies are 53%, 76%
and 58% for SPACEKIDs and A-MKID antennas No. #1 and #2, respectively. The pro-
posed double slot based design for SPACEKIDs project has been fabricated by SRON.
The simulated antenna performance has been validated by measurements performed at
850 GHz by SRON. For a FF aperture with an opening angle of §, = 14.3°, the simulated
and measured antenna coupling efficiencies are about 52% and 54%, respectively. Besides,
the beams after the lens and FTS of the antenna have been compared with measurements

and very good agreements have been obtained between the simulations and measurements.
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A wideband dual polarized antenna has been proposed for a SAFARI-like scenario within
the SPACEKIDs project. The scenario has an operational bandwidth from 1.4 THz to
2.7 THz. It has been demonstrated that the antenna is able to provide a feed aperture
efficiency of more than 60% within a bandwidth of 1 : 2.5 whereas it exceeds 50% for a
1:5 band. The instrument has an optical telescope with a large F//D (f) ratios, typically
F/D > 10. To achieve full focal plane field sampling, tightly spaced feed arrays have
been investigated with various feed samplings including d = 0.5\ F/D, d = A\gF/D and
d = 2)\gF'/D. The reflector beams have been demonstrated and the results show that
the antenna system has a maximum cross polarization value of —35dB and —48dB for
d = XNF/D and d = 0.5)\gF/D, respectively. A single polarized version of the proposed
antenna has been fabricated and measured by SRON at 1.55 THz to verify the simulated
antenna beams and coupling efficiency results. Very good agreements have been obtained

between the simulations and measurements.

Finally we evaluated the surveying speed ratio obtained with the proposed single polarized
version of the dual polarized leaky slot antenna for d = 0.5, 1 and 2A\gF'/D feed samplings
where )\ is the free-space wavelength at the center frequency of fy. In the calculations
the double slot based A-MKID antenna #2 design is taken as a reference. The leaky lens
and the double slot antenna feed efficiencies are highlighted in Fig. 8.1 within an octave
bandwidth together with the reflector spill-over efficiencies obtained for d = \gF/D sam-
pling. The proposed leaky slot based design has a feed efficiency above 75% within the
entire band whereas the double slot based design suffers from this efficiency especially at
the edges of the band. Using the efficiencies reported in Fig. 8.1, the ratios are highlighted
as a function of the instrumental noise contribution 775 for Rayleigh’s and Wien’s limits
in Figs. 8.2a and 8.2b, respectively. One can see that the leaky slot based design has a
significant advantage in terms of speed compared to the double slot based design for tight
feed samplings, especially for low instrumental noise conditions. The advantage drops as

the instrument noise increases.
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Figure 8.1: Speed ratio calculations obtained by the single polarized version of the proposed dual polarized
leaky lens antenna as a function of the instrumental noise (T75), taking the double slot based A-MKID

antenna #2 with a sampling of d = A\gF'/D as a reference.
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Figure 8.2: Speed ratio calculations obtained by the single polarized version of the proposed dual polarized
leaky lens antenna as a function of the instrumental noise (T7p), taking the double slot based A-MKID
antenna #2 with a sampling of d = 2\gF/D as a reference.
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8.2 FUTURE RESEARCH LINES

There are several research lines that can be thought as a continuation of the work presented

in this thesis which are enlisted below:

e In Chapter 3, a LF prototype of the coherently fed leaky lens antenna has been
demonstrated to validate the simulation results. The antenna is planned to be used
for the DESHIMA instrument as a future work and measurements of the scaled

version of the proposed design will be performed in the DESHIMA band.

e Firstly, as was mentioned in Chapter 4, the study of the DSL based antenna con-
cept provides only a preliminary design since dielectric losses are neglected in the
lens materials. A study on the material choice should be carried out and the lens
optimization explained in Chapter 4 has to be repeated accordingly, while including

the dielectric losses of the lenses.

e Chapter 6 provides three antenna solutions to be used for SPACEKIDs and A-MKID
projects. The SPACEKIDs antenna has been fabricated and measured at 0.85 THz.
A-MKID antenna #1 and #2 will be fabricated and the antenna beams, the cou-
pling efficiency and Fourier Transform Spectrometer (FTS) measurements will be

performed by SRON as future work.

e A proposed single polarized version of the dual polarized FPA antenna explained in
Chapter 7 has been fabricated and measured by SRON at 1.55 THz. The fabrication
of the array version of the single pol antenna has been finalized and the beam pattern

and the F'TS measurements will be performed soon.

Finally, the antenna designs have been presented in this thesis could be easily employed
at sub-mm wave frequencies. The proposed dual polarized leaky slot antenna that can be
integrated to planar transmission lines (in our case KIDs) which could enable astronomers
to design advanced THz cameras with tens of thousands of arrays located at focal plane
to achieve broad Field of View (FoV). Thanks to its capability of dual polarization, large
bandwidth of operation and high aperture efficiencies, the design could improve the sen-
sitivities of the state-of-the-art instruments significantly. The design concepts have been
introduced in this thesis are extremely suitable for THz deep space instrumentation where
the applications mostly require superior detector sensitivities, improved resolution capabil-
ities and higher imaging speeds. In fact, a prototype at SAFARI band of the dual-polarized
leaky slot antenna is currently being fabricated and pending to be measured by SRON,
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which opens up the possibilities to revolutionize the next generation THz astronomical

instruments.
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APPENDIX A

SEEING THE INVISIBLE: SUB-MM WAVE
& INFRARED RADIATION

An invisible type of radiation beyond the red portion of the visible spectrum was discovered
by Sir William Herschel in 1800. He then called this type of radiation as infrared, meaning
“below” red. This discovery can be considered as a first step in forming the electromagnetic
spectrum. Considering the energy emitted by all objects in the universe, infrared radiation
and visible light are just two types produced energy. Having a complete picture about the
creation of the universe and understanding how it is changing is only possible by means of
studying all of these kinds of radiation types.

We can learn a lot about the universe just by using our eyes. Consider all the information
you can obtain by simply looking at the world around you. Our eyes serve as sophisticated
detectors which have biologically evolved to “detect” visible radiation. However, there are
numerous types of radiation that we cannot detect without using technology. Only a few
types of radiation is allowed to penetrate through our atmosphere and visible radiation is
one of them. We can see only a tiny amount of electromagnetic radiation compared to what
we can possibly get within the entire electromagnetic spectrum by using high technology

instruments.

Radio waves, microwaves, infrared, visible, ultraviolet, X-rays and Gamma rays form the
electromagnetic spectrum. They only differ by their wavelength or frequency. The wave-
length decreases and frequency (as well as temperature and energy) increases from radio
waves to Gamma-rays. In free-space all of these radiation types travel with the same speed,
at the speed of light. Not only the visible light but also radio, infrared (some portion),

and a tiny amount of ultraviolet energy can travel to the Earth’s surface from space. It is
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Figure A.1: The electromagnetic spectrum (From http://planck.cf.ac.uk/science).

fortunate for us that our atmosphere blocks the rest of the radiation, many of them being

dangerous for life on Earth.

The electromagnetic spectrum is highlighted in Fig. A.l. Infrared radiation is located
between the microwave and visible portions of the electromagnetic radiation. Infrared
radiation has wavelengths shorter than microwaves and longer than visible radiation. Cor-
respondingly Infrared has frequencies that are higher than microwaves and lower than
visible light. Thermal radiation or the heat is the primary source that emits infrared en-
ergy. It is generated by the fluctuations of atoms and molecules in an object. The lower
the temperature, the less the molecules move and the less infrared radiation they emit.
Infrared radiation is emitted by all objects, even the objects that we may consider as being
very cold (i.e an ice cube) emit infrared energy. If an object does not radiate visible light
since its temperature is not high enough, then it emits most of its energy in the from of

infrared. Objects radiate more infrared energy as they become warmer.

In our daily life we are exposed to the infrared radiation all the time. For example the
heat due to sunlight, a radiator, a fire are mostly infrared. Our bodies also radiate infrared
energy with a wavelength peaking at about 10um. Detection of the infrared radiation leads
to significant benefits and discoveries, providing more and more understanding about our
world and the Universe thanks to the development of superior infrared detectors. From
security, medicine, navigation and rescue, to the weather, the atmosphere and the cosmos,

it has not only saved lives, but has lead to an endless, new world to explore.
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Infrared radiation is divided in three sub regions: Near (NIR), middle (MIR) and far-
infrared (FIR). The range between the microwave and FIR regions of the spectrum is
considered as sub-mm wave range (See. Fig. A.1). Typically it covers a frequency band
starting from 300GHz to 1 THz of the spectrum. Sub-mm wave portion of the spectrum

is relatively less studied and it has a huge potential to change the view upon the universe.

A.1 TERAHERTZ ASTRONOMY

Although the information in different sources may vary, roughly speaking, the Terahertz
portion of the spectrum is assumed to be starting from about 300 GHz up to about 3 THz.
It includes the entire sub-mm band and extends up to the long-wavelength edge of the FIR
spectrum. At such frequencies, technological developments over the last decades resulted in
superior detectors with improved performance of capturing the radiation that is not visible
to human eyes. Besides, telescopes can be placed on satellites or on high-flying airplanes
to avoid the attenuation and the optical emission caused by the Earth’s atmosphere on the
radiation emitted by celestial objects. Although all the objects existing in the Universe
emit THz radiation, only a tiny amount of the radiated THz signals can be captured by
ground-based observatories due to the strong atmospheric attenuation. Therefore, using
space based observatories launched directly in space or located at high-flying aircrafts has
revolutionized our knowledge about the universe. Most of the THz observations require
special kind of detectors that are cooled down to extremely low temperatures. This is
because sub-mm & FIR emissions are primarily in the form of heat radiation and therefore

the detectors should provide high sensitivity to the thermal fluctuations.

THz radiation can be used to observe the deep Universe as well as star-forming regions
since it can penetrate through the thick dust regions that exist in space. Moreover, cold
interstellar clouds and cool stars can be also observed in the THz whereas they are not
visible in visible spectrum. Many interstellar molecules (including organic molecules) can
be also included in the list. These types of observations can also be made towards the very

early Universe.

A.2 ATMOSPHERIC TRANSMISSION

Excluding our local solar system, all the information we can obtain about the Universe
comes from the observation of the radiation emitted by the distant objects existing in space.

In other words, astronomy is totally based on remote sensing to provide information upon
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which our theories and knowledge rest. Knowing the possibility of getting immense amount
of data from the Universe by means of observing the emitted radiation from celestial ob-
jects, it is kind of disappointing that only a tiny of it could reach to us due to the fact
that most of the information is absorbed by the Earth’s atmosphere. This is because the
presence of the gases and the water vapor existing in our atmosphere introduces strong
absorption. Figure A.2 shows the atmospheric transmission as a function of the frequency
of the incoming signal up to 1 THz measured at Llano de Chajnantor, Chile at an altitude
of about 5km from sea level. It shows that most of the radio-waves emitted by the celes-
tial objects can travel to the surface of the Earth without almost no absorption, which has
been discovered from the observations in the twentieth-century. Similar to the radio-waves,
visible light can also penetrate through the Earth’s atmosphere, diminished a bit but not
totally absorbed. Since ancient time human race has been always extremely curious to
know more about space, staring at the stars, the Moon and making observations to see
celestial objects such as different planets and so on. The effort of trying to make the un-
known known would only be possible thanks to the transparent behavior of our atmosphere
to the visible light. The reasons explained above explains why radio and optical astronomy
are already widely developed and well-known to study the Universe. Unfortunately, this is
not true for THz observation since it not as straightforward as optical and radio astronomy
due to the fact that most of THz radiaton cannot penetrate our atmosphere. As a result,

THz astronomy has been overshadowed by optical and radio astronomy so far.

Apart from visible radiation and radio-waves, a small portion of the ultraviolet radiation
and some infrared radiation can reach us. The rest of the wavelengths emitted by the
celestial objects, however, are absorbed by our atmosphere and cannot reach ground-based

telescopes.

The reason why our atmosphere is transparent to specific wavelengths and not to the rest is
completely related to its atomic and molecular constituents. For example, the radio waves
with a wavelength less than about one centimeter is strongly absorbed by the atmospheric
gases like oxygen and water vapor (H2O). When it comes to infrared radiation, other gasses
such as CO, together with HoO introduce strong absorption for most of IR radiation. How-
ever, there are some narrow windows in the IR spectrum that the astronomers can make
some observations such as the radiation with a wavelength of about 10um and 20um. To
overcome these difficulties, a solution could be to perform the infrared observations by
means of launching the telescopes at the altitudes of about 30 — 35km by using large bal-

loons or directly positioning them on space based satellites.

Moving to the lower band in frequency, one can observe similar transmission behavior



A.3. Why THz Astronomy is Important 153

1 2 by g ) T T I T T T
\: ; AR S £ PWV=0.25 e
: 3 ‘. X i £ PWV=0.50 -------
08 | g : . PWV=1.00 —— -
H -
S ,
w06 F i _
L2 £ H
S ;3
Q2 #H \iE
0.2 EH
i
0 1 1 1 H | § LAY H
0 100 200 300 400 500 600 700

Frequency (GHz)

Figure A.2: Atmospheric transmission as a function of wavelength measured at Llano de Chajnantor,
Chile, at the altitude of 5040m (From http://almascience.eso.org).

also for FIR and sub-mm wave regions due to the strong absorption by the constituent
atmospheric gasses almost within the entire band. However, there is an exception for two
frequency windows corresponding to about 350GHz and 850GHz that could be suitable for

astronomers to perform sub-mm observations from ground based observatories.

A.3 Wnay THz ASTRONOMY IS IMPORTANT

THz astronomy is crucial when it comes to understanding the universe and its content.

The fundamental reasons for this can be listed as below:

A.3.1 OBSERVING THE GALAXIES HIDDEN BY DuUST

A census of any galaxy, including the ones that are characterized as spiral galaxies (i.g. the
Milky Way), not only reveals billions of luminous stars, but also a medium filling the deep
space between the stars. This is called as Interstellar medium (ISM) and it mainly consists
of gas atoms, molecules and solid dust particles. For example, in the solar neighborhood
of the Galaxy, typically there is only one atom of gas per cubic centimeter and hundreds
of dust grains per cubic kilometer. However, on galactic scales, the effects due to the gas
and dust are apparent. The dust grains are composed of carbon and silicate matter and
tend to be tiny, typically smaller than 0.1um in diameter. They can reflect and absorb the

surrounding visible and ultraviolet light generated by the stars, producing a dimming and
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Figure A.3: (a) Optical image of Hubble Deep Space and (b) the SCUBA image of HDF obtained at 350
GHz sub-mm observation showing dusty galaxies [81] that are not visible in optical observations (From
http://herschel.cf.ac.uk).

reddening effect.

In 1996, a picture taken by the Hubble Space Telescope revolutionized astronomy. It was
the most detailed optical picture of the Universe mankind have ever had. The picture is
known as Hubble Deep Field (HDF) and it is shown in Fig. A.3a. Thousands of galaxies
are visible in the image, the faintest ones being located at further distances. However this
picture was not the entire story. Second revolution, after Hubble, was the sub-mm wave
array camera SCUBA on the James Clerk Maxwell Telescope (JMCT) [82], being one of
the highest-impact astronomical instruments between 1997 — 2003. Further observations
from SCUBA proved that the galaxies hidden by the huge amount of dust are missing in
Fig. A.3a. Figure A.3b shows the 850 um SCUBA image of the dusty view of the HDF.
Compared to optical image shown in Fig. A.3a, the number of galaxies are much smaller
(seen as white spots) in the sub-mm image and it is totally different from what one can

obtain from the optical observations.

As a consequence, it is clear that the observations at sub-mm wave & far-infrared wave-
lengths has a lot to offer when it comes to the detection of sources that are hidden by the

cosmic dust.
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(2)

Figure A.4: Rosette nebula seen in (a) visible light and (b) FIR spectrum (Image credit: ESA/PACS and
SPIRE consortia).

A.3.2 WITNESSING STAR FORMATION

Dust hides not only the distant galaxies from our view but also the newborn stars. The
ISM can be considered as a reservoir from which matter for new stars can be drawn. Al-
most 99% of the ISM is composed of either atomic gas (i.e. hydrogen) or molecular gas
(i.e. hydrogen, water, ammonia and carbon monoxide). The concentrations of gas and
dust are thousands of times greater than elsewhere in molecular clouds existing within the
ISM. They usually appear as a dark nebula against a blanket of background stars in an

astronomical observation.

These clouds are capable of generating hundreds of stars inside their cores. For example,
the Orion Nebula which can be easily seen through binoculars, is one of the richest nurseries
of star formation. The newborn stars are surrounded by dense clouds of gas and dust so
they are often hidden from view. FIR and sub-mm radiation is the clearest way to observe
the newly formed stars that are still embedded in their clouds. Infrared radiation due to
the heat from the stars can penetrate through the dark, nebulous clouds and could provide
us a picture regarding to the formation of the stars, which is unlikely for visible radiation
since it is blocked. As an another example, the picture of Rosette Nebula is shown in
visible light and FIR region in Fig. A.4a and b, respectively. Only the FIR image is able
to show the dust glowing due to the heat generated by the young stars inside within.
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A.3.3 EXPLORING THE EARLY UNIVERSE

Terahertz astronomy can help astronomers to obtain more information about the early
Universe and the evolution of the galaxies. Our Universe is expanding since the Big Bang
explosion, a theory that assumes to be the beginning of our universe, and most of the
galaxies are moving away from each other since then as a result of the expansion of the
Universe. Astronomers have observed that the further away the galaxies are, the faster they
move. This movement has an interesting effect that could be very useful for astronomers.
It is proven that as an object is moving further away, the emitted radiation is “redshifted”
which means that the frequency of the emitted radiation shifts to lower band. In other
words, the expansion of the universe stretches the light traveling within intergalactic space
which results in a cosmological redshift in the wavelength to longer wavelengths. Although
it is not exactly the same, this cosmological redshift is somewhat similar to the Doppler
shift that we can observe in our daily life. For higher redshifts, most of the infrared radia-
tion radiated by distant sources such as stars and galaxies are red-shifted into the sub-mm

band by the time they are reach to our telescopes [81].

In the universe, the objects with high redshifts can be observed as they existed long ago.
The deeper the distance, the greater the redshift, and consequently, the further “look back”
in time that we observe the Universe as it was. As an example, Fig. A.5 demonstrates the
matter distribution in the Universe for different redshifts, z, values. The frames demon-
strate the evolution of the dark matter model in 140 million light year box from a redshift
of about 30 to the present epoch, z = 0. It is quite exciting to see how the matter density
variation changes, being almost homogeneous when the Universe was less that 1% of its
current age and forming smaller bright clusters as a result of the gravitational force as
time goes on. One can also notice that as the redshifts get closer to z ~ 0, the matter
distribution does not change that much. This is because the gravitational force cannot
compete with the acceleration provided by the dark energy as the Universe expands, typ-
ically corresponding at z < 1. Investigation of the dark matter evolution could result
in important discoveries. By using the Atacama Large Millimeter/submillimeter Array
(ALMA), astronomers had discovered a nest of monstrous baby galaxies located about
11.5 billion light-years away [83]. The young galaxies seem to be located at the junction
of gigantic filaments in a web of dark matter. This discovery supports the current galaxy
formation theories which predict that these monstrous galaxies form in areas where dark
matter is concentrated. However it is not possible to observe them in visible spectrum
since these galaxies are often hidden in dust. On the other hand, they do emit strong

radiation in the sub-mm band. This recent study shows that further sub-mm observations
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Figure A.5: Frames showing the evolution of the dark matter distribution in the universe in a box model

for various ages (From http://cosmicweb.uchicago.edu).

are required to look back even further into the deep space to reach a deeper understanding

about the evolution of the early Universe.

As a result, the Universe works as a cosmic time machine which means the deeper the
astronomers look into the space, the further they go back in time. We have enough reasons
to believe that THz astronomy has a tremendous potential to provide us valuable data to
have more understanding on the formation and the evolution of the stars and dusty galaxies,
which can yield a new view upon the early Universe. However, all of these discoveries are
only possible with the help of further astronomical observations made by the telescopes

with superior sensitivities and higher resolutions.
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APPENDIX B

SPECTRAL POWER RECEIVED FROM AN
INCOHERENT DISTRIBUTED SOURCE

B.1 ANTENNA COUPLING EFFICIENCY

Let us assume that for each receiver the targeted plane waves are those distributed over
the solid angle defined by the source dimension, #,. Accordingly it is convenient to express
the desired power received from a central feed from the sky in terms of the effective area

of the telescope as
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related to the antenna directivity at broadside D(0,0) and e, is the detector feed effi-
ciency (See Section B.2).

Where A represents the physical area of the antenna, n is the reflector taper efficiency

One cannot anticipate the radiation distribution B(¢, 6), since it is the object of the inves-
tigation. However to characterize the performance of a system one can assume that power

is received from a constant distribution of sources over the field of view (FoV):
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Introducing the normalized directivity function F(¢,0) = D(¢,0)/D(0,0) such that
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Therefore, we can obtain the following relationship:
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From the definition of directivity in antennas, we know that
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Therefore, combining eq. B.6 and eq. B.7, we can express eq. B.5 as
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The ration of the integral is an efficiency term, multiplying the A? throughout, and it is

related to how much power is coupled into the source angular dimension:
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Note that in eq B.9, the antenna physical area is used. The extra losses (i.e. ohmic,

impedance matching, lens illumination efficiency and the detector losses) are included in
the n?ited( f) term. Considering these simplification the average spectral power received by

an antenna from a distributed source with an angular dimension of €2 is given by:
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Here we define 772;5;5 as simulated antenna coupling efficiency that can be obtained by using

full-wave CST simulations:

770085 = W?gted(f)ngos<f) (Bll)
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Figure B.1: Graphical illustration of the efficiency terms used in the appendix.

7725;5 will be used as a benchmark between simulated and the measured antenna coupling
efficiencies reported in Chapter 6 and 7 (See Appendix C for the detailed information on

the derivation of the measured antenna coupling efficiency, 7¢%,,).

B.2 LENS ANTENNA EFFICIENCIES

Assuming we have a lens antenna as a reflector feed, here we provide the definitions of
the efficiency terms that have been used to characterize the antenna performance. We
start with the lens antenna aperture efficiency which will be represented as 7,, and can be

evaluated as

eed
Nap = nfapernfeed (B12)

where 7¢ceq and n{;;i refer to lens antenna feed efficiency and lens taper efficiency, respec-
tively. Taper efficiency is ratio of the broadside directivity and the maximum directivity

that one can achieve by using the same size aperture with a uniform field distribution.

Lens antenna feed efficiency 7sceq, on the other hand, can be calculated as

Nfeed = Mrad’)z (B13)

Here 1,44 refers to the antenna radiation efficiency, 7, refers to the efficiency due to antenna
impedance matching. Antenna radiation efficiency 7,4 is defined as the fractional radiated
power and can be directly evaluated by CST simulations with multiple inner reflections.
Using PO approach, one can also evaluate 7,,4 separately after the first transmitted pulse

as below
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Nrad = nTefniins (B14)

where 7.y refers to antenna reflection efficiency due to the dielectric-air interface on the

lens surface, and 1" refers to spill-over efficiency defined on the lens surface (See Fig. B.1).

It should be mentioned here that the efficiency 7f..q given in Eq. B.13 is only associated to
the antenna itself. In other words it could be representative for an ideal detector scenario.
In reality, however, this is never the case and the losses associated to the detector itself

should be included in Eq. B.13 as well. By doing so, we define detector feed efficiency

det
nfeed as

T]j’lzzd = T feedldet (B15)

Here n4.; refers to the detector efficiency and includes any kind of losses due to the detector
such as the losses due to radiation of the CPW line, GP material and the gap between the

wafer and the silicon lens due to fabrication process.
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OPTICAL EFFICIENCY MEASUREMENTS

The optical efficiency measurements are performed by Netherlands Space Institute Re-
search (SRON). Here we provide brief information about the measurements and how we
relate the measurement data to our CST simulations. The setup where the MKID array is
evaluated using a cryogenic system with a box in a box cold stage design is shown in Fig.
C.1. The boxes highlighted in red, orange and blue curves are used to shield the sample to
from the radiation due to the environmental temperature directly or through the coax lines.
In addition, the inside of the outer box is coated with carbon loaded epoxy and SiC grains
to effectively prevent reflections of light entering through the filters. As a result, the array
is fully enclosed in a 100 mK environment with the exception of a far-field aperture. This
aperture is isotropically illuminated by a large temperature controlled blackbody mounted
on the 4K stage [14]. Three stacks of metal mesh filters provide a minimum rejection of
40 dB at all wavelengths outside bandpass region of about 0.95f; < f < 1.05f, which is
centered at fy. The rest of the detector enclosure is a 100 mK absorber that has a negligible

emission at fj.

In generic case, for any kind of detector, the total NEP can be calculated as:

NEP(Tgp) = | NEFy(Typ)? + NEP} (C.1)

where NEP,(Tgp) is the background limited NEP and NFEP; refers to detector NEP.
In case of KIDs, the total NEP can be assumed to be limited by NEP, for very small

blackbody source temperatures, Tpp (See Fig. C.1). Then one can assume

NEP(Tsp) ~ NEP(Tpp) (C.2)
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Figure C.1: Schematic of the measurement setup for optical NEP measurements.

Since the target of this thesis is sub-mm wave astronomical observations, NEP, is de-
termined by the Wien’s limit. Then the background limited NEP is only defined by the
absorbed sub-mm power. Assuming a system operating over a relative small bandwidth
centered at fy, as given in Chapter 5, the background limited NEP in the Wien’s limit can

be evaluated as

NEP,(Tsg) = /ksTBB"Nawe BWh fy (C.3)

Eq. C.3 can be used up to a bandwidth in order of one octave. In the measurement setup,
a filterstack with a bandwidth much less than one octave, typically about 10%, is used in

front of a blackbody source (See Fig. C.1). For such narrow bandwidths one can assume

L e (s () (c4)
Nave = 5757 ncosm f df ~ ,r’cos f C4
BW Jsy+Bw)2 ’ ’
Then Eq. C.3 becomes
NEP,(Tsp) = /ksTepn%(fo)BWhf, (C.5)

Here 7S (fy) refers to antenna coupling efficiency to the blackbody source with a solid

angle of {2, at the center frequency fy. The measured antenna coupling efficiency nco 1 CAN
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be evaluated by means of using the simulated antenna coupling efficiency n'%, [54]. To do

co,s

so, one can calculate the ratio of the measured NEP and estimated NEP as following

_ NEP(Tps) _ \/kBTBBW?o‘?m(fo)Btho _ Neom (fo)
NEPy(Tpp) \/kBTBBn(%fS( fo)BWhf, %, (fo)

As a result

ngoim(fO) = 772)5:3<f0)\/g (C7)

Here € represent the deviation of the measured coupling efficiency compared to the sim-
ulated one due to the possible fabrication tolerances and additional noise contribution
associated to the detector. If e = 1 then g%, (fo) = ni,(fo) which means that the fabri-

cated antenna works as expected by the CST simulations.
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APPENDIX D

THE DESGIN OF THE SPILL-OVER
ABSORBER

When it comes to tightly packed lens arrays, one problem could be lens coupling due to the
significant uncontrolled power launched in the lens array. This could be directly associated
to spill-over loss and may result in significant variation in the antenna side lobe levels. One
way to suppress the impact of the uncontrolled power in the lens array is to design a spill-
over (SO) absorber. This appendix will focus on the optimization of a specific scenario,
A-MKID lens antenna #1, but the concept can be extended to all lens designs shown in
the thesis.

Due to the fabrication reasons, we will optimize a single layer absorber. The absorber is
located on top of silicon chip, at a distance of 375 pm from the GP which corresponds to
about 0.43)\g at 350 GHz. In order not to affect the entire antenna coupled KID structure,
especially readout electronics that operates at microwave range, the SO absorber should

have a high-pass filter characteristic in terms of absorption performance.

Unit cell SO absorbing structure with its design parameters is highlighted in Fig. D.1. To
maximize its absorption performance within the required band, we performed a parametric
study as a function of H, P and g for broadside plane-wave incidence as well as for the
incoming plane-waves with various oblique incidences, #; both for TE and TM modes. The

parametric study yields the optimized dimensions as reported below:

e P =100pm (corresponds to 0.4\, at 350GHz)
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Figure D.1: The design parameters of the unit cell spill-over absorbing structure.

e H =30.8um

e g=331pm

The absorption performance of the optimized SO absorber can be seen from Fig. D.2. Fig.
D.2a and b show the absorption for different oblique incidences as a function of frequency
for TE and TM polarizations, respectively. Fig. D.2c, on the other hand, focuses on the
absorption for TE and TM polarizations as a function oblique incidence angle at the op-
timization frequency, 350 GHz. The figure shows that the optimized SO absorber is able
to provide an absorption ratio higher than 40% for scanning angles 6; < 50° at 350 GHz.
Considering the maximum theoretical broadside absorption could be 50% for a single layer

design, we accepted this performance of the proposed design as sufficient.

The SO absorber cannot be printed across the entire plane otherwise it also absorbs the
main beam of the lens feed which, in the end, will reduce lens antenna aperture efficiency.
Therefore circular gaps with a radius of R have to be introduced on the absorber plane.
To define this radius, as a first step, we plot the magnitude of the electric field distribution
at the absorber plane with different contours representing —8, —10, —12, —14 and —16 dB
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Figure D.2: Absorption performance of the SO absorber: (a) and (b) shows the absorption as a function
of frequency for different incident angles, 6; for TE and T'M-modes, respectively whereas (c) highlights
the absorption only at 350GHz as a function of incident angle.

values, respectively, with respect to the maximum total field in Fig. D.3a. As once can
see, the field distribution is not circularly symmetric on the absorber plane. Therefore we
evaluate the average electric field field values in E, D and H-planes separately, and then,
calculate the average. Fig. D.3b shows the average of the field magnitude as a function of

hole radius R and the way how it is evaluated.

Depending on the gap radius, one has to make a compromise between the absorbed uncon-
trolled power and the antenna aperture efficiency. To do so, we performed a parametric
study as a function of R in the presence of hexagonally packed entire lens array when only

the central lens is excited. The array can be seen from Fig. D.4.
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Figure D.3: 2D electric field distribution defined on top of silicon chip, at z = 375pm: (a) shows 2D
field including —8,—10, —12, —14 and —16 dB contours whereas (b) shows the field magnitudes at E, H,
D-planes and also in average for certain radii of R, starting from 350 pmt¢o600 pm.

The aperture efficiency obtained from the CST simulations for various R values is reported
in Figs. D.5. It is clear that the lower R is being used in the array, the lower aperture
efficiency one gets. This, however, corresponds to better uncontrolled power absorption
performance as shown in Fig. D.6a. Finding a compromise between these two, we ended

up with using a gap radius of R = 550 pm in the design.
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Figure D.4: Simulated hexagonal lens array with its design parameters seen from perspective, side and
top views.

Aperture Efficiency
@ 0.35 THz
R(um) 400 450 500 550 600 No SW abs
Taper 0.9094 0.8948 0.9306 0.9611 0.9611 0.9435
Radiation 0.7444 0.7609 0.7640 0.7728 0.7843 0.796
Total 0.6769 0.6808 0.7109 0.7427 0.7537 0.751

Figure D.5: Aperture efficiency calculations for various absorber gap radii.
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(Pso/Pacc) @ 0.35 THz @ 0.35 THz
R(um) R(um)
400 17% 400 7.11%
450 14.83% 450 7.34%
500 14.14% 500 7.716%
550 12.37% 550 8.12%
600 10.67% 600 8.43%

Pso: Absorbed power in the SO absorber No Absorber 15.62%

Pace: Accepted power in port
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Figure D.6: Fractional absorbed power evaluated inside (a) the SO absorber, and (b) the edge absorber.
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THE DESGIN OF THE GROOVED
MATCHING LAYER

The lens antenna designs have been proposed for tightly spaced FPAs in the thesis typ-
ically use a conventional A\/4 ML made of Parylene material (¢, ~ 2.62). However, this
is not the case for SAFARI and A-MKID #2 antennas due to the fabrication constraints.
Therefore we will use an alternative ML design which is made of the same material as the
lens (silicon) instead of Parylene ML and shaped in the form of grooves via laser machin-
ing. The idea is to achieve an effective permittivity that is close to the permittivity of \/4
Parylene ML within an octave bandwidth (See Fig. E.1). In this Appendix, we will focus
on the SAFARI scenario but the geometry can be extended to A-MKID design.

Air

Parylene

Air

Silicon

Figure E.1: Unit cell structure of a conventional /4 Parylene ML and an equivalent grooved silicon ML

design.



174 E. The Desgin of the Grooved Matching Layer

Silicon Air - \

-0.5¢

——1=27, a=15° , w=8, 0i=40° (TE)
~—-L=27, a=15° ,w=8, fi=40° (TM)
——L=27, o=15° ,w=10, 6 =4 (TE)
-=-L=27, a=15° ,w=10, Oi=4¢° (TM)
——L=27, a=18° ,w=10, i=4¢° (TE)
-=-L=27, a=18" , w=10, fi=40° (TM)
L=30, o=18° ,w=10, 0i=40° (TE)
L=30, a=18° ,w=10, fi=40° (TM)
——L=27, a=15° ,w=10, #i=0° (Broads?de)

14 16 8 2 22 24 26
Frequency (THz)

(a) (b)

Transmission (dB)

Figure E.2: (a) The design parameters of a unit cell grooved silicon and (b) its transmission performance
for various configurations.

The unit cell structure with its dimensions are highlighted in Fig. E.2a. A parametric
study is performed to optimize the transmission characteristics of the unit cell structure
by means of changing the groove period (L), the groove angle («) and the groove width
(w) as a function of the frequency within the proposed bandwidth. The results obtained
from the parametric study are highlighted in Fig. E.2b. Considering the performance and
the fabrication constraints, we chose L = 27 pm, w = 10 pm and a = 15° as the optimum
dimensions. The comparison of the transmission performance of the unit cell structure and
the Parylene A/4 ML within the SAFARI band can be seen from Fig. E.3. According to
the figure, the grooved silicon unit cell has a quite similar performance to \/4 Parylene
ML design.
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Figure E.3: Comparison of transmission performance for broadside and 40° oblique incidence (TE and
TM) within the SAFARI band obtained by optimized unit cell silicon groove and A\/4 ML.
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