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Abstract

The main topic examined in this thesis is the tgy@ent of planaantennagor observationsit

W band frequenciedA large portion of this analysis based on thepecific development of
devicesas part of an ESAresearclpackageentitledin lMw Technology High Efficiency Horn
Antennador CMB Experiments and Fdnfrared Astronomg Thedevelopment of W barfdcal
plane pixelgplanar antenna with small lensegas part of the research in this work package
Several planaantenna designare nodelled and optimised i€@ST StudioMicrowave Suitea
commercially available computer modelling software used extensively in orgeeddt the
device performance around 100 GHxe final designs werenanufactured and their beam

patterns were measuradtheVector Network AnalysefVNA) setup

The main body ofhisresearcttonsisted of the development and analg$izatchantennasThe
design of bacied and sidded patchantennasare modelled in the CST work environment,
manufactured ifhouse ananeasured witlthe VNA.

A number of lenslefsmall lenses for each planar antenna in the ad@signs constructed from

High Density Polyethylene (HDPEYyedevelopeds part othisESA contractn orderto develop

a lens array for a planar antenna arrAyparticular focus was put on reducing thetential
crosstalk between neighbouring pixelsd optimising the lens shap€he lenslet examined
included a hemisphere, a cylindrical andlanp-convexlens A novel truncated planconvex
lenswas also andysedfor the task of reducing crosstalk betweerighbouringpixels. Plano-

convex leneswith cleaved sides (referred to as a truncated lens) were manufactured and tested
with the VNA. The crosstalkignal levelcausedy the® lensletdetween neighbourg pixels

wereconsidered antheasured

Additional topics developed includghe analysis of amulti-moded teraherthorn antenna
measured in an experimental setnpCardiff University using GBMA (Gaussian Beam Mode
Analysis). This2.77 5 THzpyramidal hon antennaouplesto Transition Edge Sensor detectors
(TESs) andvasplaced in a cryogenic chamhbermeasure the farfield patterihe antenna was
illuminated by a terahertz source through a windtothe cryostatA GBMA model was extended
to include tuncationof the beam aihis windowin orderverify no loss of signal and to ensure all

power propagated though this window.
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Chapter 1Background 1.1 Overview

Chapter 1 Background

1.1 Overview

Thework presented in this thesis sveompleted as part of a MSc through research and undertaken
from October 2016 to September 2018. This includes research in a number of topitimdncl
antenna design and testimdanarantennadevelopmentdielectric lenseat W band frequencies

(75 to 110GHz) and terahertz mukinoded horn analysi$n this thesisto avoid confusionthe
phrase terahertz bansluised to refer to thgeneralfrequency rangbetween roughly30 GHz to

3 THz. Thisfrequency regimés often divicedbetween the millimetre (30 GHz 300 GH2 and
submillimetre band, (3GHzY 3 THz) .

As part of a European Space Ager(&SA) research antract (TT AO/1-7393/12/NL/MH)
entitlediNew Technology High Efficiency Horantennagor Cosmic Microwave Background
(CMB) Experiments and Fdnfrared Astronomg, planar antennasoperating with small
dielectric lenses (lenslets) were designednufactured and tested. Specifically W&kckage

2.1 (defined later in this chap}asutlines the development of a W band detector pixel using a
planar antena with a small dielectric lens as aaiternative geometry to the traditional horn

antenna.

Planarantennasre the classification given small antennagless than a wavelength in length)
created on top of dielectric material, suchPamted Circuit Boats (PCB), which include (for
example) patch and slantennasas well as more complex designs. Plaardgennasre widely
used in mobile phone and wireless applicatidiedweenl Y 10 GHz) but the dimensions and
wiring become difficult towards W bandefjuenciesvith the shorter wavelength& number of
different planar antenna designs and experimental remdtpresentedrhe Vector Network
Analyzer (VNA) facility in the Experimental Physics Department at Maynddtiversity
operating aW bandaround100 GHzwas used to test these devic&his work was the first
attempt of planar antenna designanufactureand testingat exceptionally high frequencies

within the Experimental Physics Department

A core componentf this thesisvas o create dieledir lenses foplanar antenna arragperating

at W band. As part of this developmentethods to reducerosstalk(coupled signabetween
antennagcaused by the introduction of these lenseseinvestigated The scientific motivation

for creating thesearrays wa toobserveof B-mode polarization of the CMB. As this is a weak
signal, any source @dditional backgroundoise present in an array system, such as crosstalk

needto be accounted f@recisely

Theterahertzegion is a transition stabetween the upper ends of the radio bands andhfreeéd

regions(seeFigure 1-1). As a result, technology used at these frequencies is a combination of
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radio technology, such as hoantennasand waveguides, and more traditionaticgl devices
such adenses, mirrors and detector arraysis chapter will outline the background information
relatingterahertavave astonomy to the CMBadiation which has its peaignal strengtin this
frequencyregimeat roughly 160 GHZ1]. A brief historyof research ito CMB measurement
will be provided, including more recent develaggmts in the field of cosmology, followed by a
general outline of r@hertz terrestrial applications

N N N N N
N N NN NNNININNINN
NYNYINISESNIGNTEIIIIIIIII T
TSI X¥XoZ=SoF0oTFoe e 228 358§ 8 3
c 8 Xoco8 =2 3830g8Foc8o0o0oo0oo oo o o
T T = T T = T = Y T T v T v T OO T T T T T T T
w & o ¥ E E Ok E 5|.nmmn:»|et X-ray  Gamma Cosmic-ray

VLF _|EI§:,0,“, E g e

Figure 1-1: The EM spectrum from radio to cosnrigys arranged by increasirfgequency. Theerahertz
band wa the primary frequency range of interest for this thesis and thisvisiaighlighted within the
red circle. Image credit: NASRR].

There have been a number of terahertz astronomical science missions examining sources where
atmospheric transmission allows these telescopes to operate on-geseadreceiverns very

dry conditions. In order to achiewigh sensitity and wide bandwidth, spadmmsed satellites are
required at these frequencies. The Herschel Space Observatory and the Planck mission are
examples of dedicated observatories in this portion of the EM spectrum. The current missions and

resarch in terahertz astronomy is also brieflgcussedbelow.
1.2 The Universe atterahertz wavelengths

A number of astromnical phenomenon are visible in the terahdrnd such adnterstellar
medium (SM) chemistrymolecular clouds, the CMB and young st&®uds of spacdustand

gas present in ouratpaxy @n be directly observed in therahertz band

There are a number of different challenges faced by astronomers wanting toseastnanomical
sources at thedeequenciesTerahertz radiatiolsabsob e d by Ear t Aparsfromd mo s p
few narrow windowsThis can lower visibility or render the atmosphere completely opaque

within some frequency ranges.

The interstellar redium (ISM) is the collection of duahd gagound in the region between stars
This medium is of interest to astronomers adayp a pivotal role in the lifeycle ofstars[3].
We can probe the ISMsinga number of common molecules, such as@®D and waterwhich

radiateprominentlyin theterahertz band

Larger concentrations of dusdn group together to for@iant Molecular Clous(GMC). These

larger molecular clouds are the primary location of star formation and arestkfo as "stellar
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nurseries'[3]. Due to thdarge amount of dugiresenbbserving these faint young stars in these
cloudsis impossible avisible wavelengthsThese cloudsan howevebe examinedy terahertz

1.2 The Universe at terahertz wavelengths

and high frequency radielescopesproviding detail on early star formati¢si.

1.2.1 Atmospheric transmission

In the terahertzange there are severglass in the atmosphetkatabsorb and scatter radiation
(seeFigure 1-2). A significant amount of light is absorbed by water vamiunese frequencies
Small diatomic moleculessuch as carbon monoxidare likely to rotate when exposed to

terahertzradiationand absortstrongly. Additionally, severalatmosphericabsorption lines are

present in theéerahertaegion[3].

0.2 pm 05

Figure 1-2: Atmospheric transmission across the electromagnetic speckass which absorb light are

also indicated on the grapherahertdbands i gnal s m mightthand €id mave,higho n

5 10

Themnal (emitted) IR

20

100 pm

Wavelength (not 1o scake)

(0.3

Microwave

0ilem 1.0¢cm 1.0m

atmospheric opacity, which explains the developmergrathertzatellitesiImageCredit NASA [4].

Due toatmospheric absorptiotelescopes require their observation site to occupy a region with
a dry/low humidiy climateto reduce HO absorption As such, experiments in this frequency
range are performed in desettsnates(such aghe Atacama Large Mimetre array ALMA)

[5]) or in Antarctic (such aBBICEP (Background Imaging of @&mic Extragalactic Polarizatipn
[6]). A number of experiments are performed at high altitudes by balmider[7]) to avoid

the loss ofsignal caused by the atmosphere. Space misdanve also layed a keyrole in
exploring the Universeat these frequenciesCésmic Background Explore(COBE) [3],
Wilkinson Microwave Anisotropy Prob&\(MAP) [3], Hershel andPlanck[8]) and have helped

develop and establish receiver and detector technology to expand observational capabilities.

Letter cesignation Frequency and Letter designation Frequency and
L 1-2GHz K 18-27 GHz
S 2-4 GHz Ka 27-40 GHz
C 4 -8 GHz Y 40- 75 GHz
X 8-12 GHz w 75-110 GHz
Ku 12-18 GHz mm 1107 300 GHz

Table 1-1: Letter designation of each frequency band as per the IEEE stg@ilafdis thesis will use

thesdetters to define the frequency band of each device

The terahertzregion is furthedivided up into distinct frequency bandscording to an IEEE
standardseeTable 1-1 for outline of different frequency band§). For example, theydrogen

t

h €
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21cm line used in spectroscopy is located within the L Bartl GHz). The work performed by
the author in this thesis carried outalmost entirely within th&V bandregion(75-110 GHz)

1.2.2 Standard cosmological nodd

The most commonly cited modeised to explain the formation of the Universe islthenbda

Cold Dark Matter ¢ C D Mmodel( [6], [10], [11]). This model includes several cponents,

such as the Big Bang Theory, Inflation and the accelerated expansion of the Universe.
Additionally, it is assumed that the Universe is both homogenous and isotropic at large scales.
Under this standard model, the primordial Universe begins asdehge structure. THig Bang

causes this dense structure to expand. The Universe then goes through a fast period of expansion
known adnflation. The Universe today is roughly 13.7 billion light years acrosstamdxpected

to continue to expand intiiture[3].

In this model, the Universe is homogenous, with some small quantum fluctuations causing some
small regions of inhomogeneitinflation is thetheoreticalrapid expansion of the Universey

about 21 orders of maiude,soon after the Big Band]. The rapid growth caugdeghese small
quantum fluctuationgo grow into the largerin-homogeneitiesAdditionally, this expansion
should also causthe creation of sgalled primordial B modeshese are patterns in the CMB
which are caused kytensor effect, such as the rapid expansion of the Universe (more detail on
the CMB is provided irSection 1.2.3. DetectingtheseB modeswill allow usto prove or to

constraininflationary modek.

As the Universe is expanding in size, the distances edviay galaxies and structures are
observed with higheredshifs. The emission lines of faway galaxies appear to have a longer
wavelengtidue to cosmologal expansionThe light fromthese distance galaxies is stretched or

red shifted,d, as space expands. Further away galaxies have a larger redshift. The furthest away
observedgalaxy MACS0647ID has a redshift ofbetweenp ® © p @ [12]. The CMBhas a
redshift ofapproximatelyd p 1 T{1.

Inthe standard CDM model , the primordial Uni ,wkidhs e be
begins to expand and cool. Following sufficieabling and expasion, the freemoving particles

(mostly electrons and protons) condense to create the first atoms. This event is known as
recombination anthis would have resulted in visible or UV light being emitted from the newly
created atomsThis event is thought tthave ocurred 380,000 years after theggEBang[3]. As

the Universe expands, the light left over from recombination would have redshiterdhiertz

wavelengthg1].

After this recombination evénthe Universe starts to appear danito the form we see it today

and he Universe continued to expand to its current size. Stars and galaxies started to form from
the matter generated by recombination. Supernexpmsionsof massive stars spreads iea
elements throughout the Universe, which are used to form other familiar astrophysical structures,

such as planets and asteroids. Finally, we reach the Universe as we observeit+tdti4$].

4
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I n t he s dD,Mrdinagy thaaybnic matter, such as stars, dust and planets, comprise only
a small minority (4.6 % as seen kiigure 1-3) of mass energy in the Universe. Dark matte
comprises a larger component of masergy in the Universe and accounts for the orbits of the
outer most stars around planets, among other properties. Dark energy comprises the majority of
massenergy in the Universe and accounts for the acceleratiire@xpansion of the Universe.
However, less is understood about dark energy than the other two types -efneps$3] .

Atoms

Dark

4.6% Energy
Dark 71.4%
Matter
24%

TODAY

Figure 1-3: Underthe s C D Nhodel the Universe is broken down into three distinct groups of mass
energy: normal baryonic matter, dark matter and dark energy. Their rejatveities, in the Universe
today, are shown in this figurbnage creditNASA/WMAP Science Tearfl3].

1.23 CMB

TheCMB radiation is a (mostly) isotropic source of energy detected from deep spac&viBhe

is the oldest known phen@mon that can be observed fromarth, thus it can reveal information

on theearly universe.The intensiy of light from the CMB is a near exact fit for the Planck
blackbody radiation curve and so isi@ar perfect blackbody sourdehe data fronFIRAS (the

Far InfraRed Absolute Spectrophotometard the WMAPsatellite gives a weighted average
temperature fothe CMB of 2.72548& 0.00057K [14]. As the CMB is an old source of light and

is from a time where the Universe was smaller, the small anisotropies we observed grow into the

larger structures we see in the Universe todayh ags@axies and clusters of galaxigl.

There are three main anisotropies present in the CMB ddoysdifferent sources. The dipole
anisotropy is the easiest to detect, and this is caused by the motion of our solaredgsitegrtio

the CMB. The temperature anisotropy is caused by small scale temperature variations at specific
positions in our UniverseThe third anisotropy is the polarization of the CMS8everal
experiments have performed observasiof the CMB, eitherygroundbasedmission, such as

South Pole Telescope (SR®) by satellite missions such as WMAP and Plarfekre 1-4).
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Figure 1-4: Temperature anisotropies in the CMBtectedy Planck[15]. Thedata receivedrdm Planck

represents the most 4ip-date pictureof the CMB currently availablémage credit: PlancgL5].

The anisotropy currently examinem planned to bexamined by a number of CMB missiofis,
the polarization anisotropy. Anyght wave can be broken down into distinct polarizations
(Figure 1-5). The Stoke parameters are used to charactdrzpolarization of thiight wave.
The 0 parametefor”Y ) is the updown (N-S) motion of the vector and tf¥parameterdr

Y ) parameter is the diagonal (MBN) motion of the vectof16]. It is these different

parameters that are measurdtew observing the CMB polarization.

1 1 1
. 1 . -1 2 0
‘SI.HP = 10 0 ’ LSI.VP = 10 ol LSL+45P = IO 1 ’
0 0 0

1 1 1

0 0 0
SL 5P = I, ’ SR(?P =1, ol Sl,cp =1 ol

0 1 -1

Figure 1-5: Stoke polarization parameseof light. Image Credi{16]

The polarization of the CMB can Haroken down into two specific corapents: E-mode
(divergent) polarization and-Biode (curl) polarizatiarE-modes modes are caused by Thomson
scattering, B modes are caused drgvitational wavesind both are caused by gravitational

lensing. By examining the Bmode polarization of the CMBprimordial gravitational waves

6
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(gravitational waves created before recombination), that are thought to exist with current
inflationary theoriegould be detected he signal from the temperature of the CMB and from the
E-modepolarization are more powfei than the signalrbm the Bmode polarizatiofl7]. As a

result much higher levels of sensitivigre required to measure this sigrah outline of missions
examiningthis polarization are provided Bection1.3

The CMB is the furthest away source we can currently detect. If we assume that CMB is
equidistancén every direction, we can imagine a celestial sphere with the Earth in the centre of
this sphere. However, when we ateserving the CMB from Earth, wabserve a D image of
the sky, whiclcan be mathematically described in terms of spherical harnfoniction® .The

multipole,& describes thangular size of the observation

Observing large multipoles requiregamining small angular scale and good optical resolution
For exampleQ/U Imaging ExperimenT (QUIET®xamines multipoles between ¥5475 inthe

Q band (33Y 50 GHz) and between 26 975 in the W band18]. The polarizations can be
distorted (or lensedas they propagate though the Universe. This can lead to difficulty in

determining therue source of polarization.

The Bmode polarization of the CMB is notoriously difficult to detect. In 2014, BICEP2 had
announced the detection ofrBode polarization in the CMB at a scalar to tensor ratio dflQR
However, new data from Planck plackedither restraints on the experiment. These restrictions

suggest thadistortioncausé by polarized dust isakger than initially expected.
1.3 Current scientific missions

There several scientific missions currently probing the Universerahertzirequenaes. The
sensitivedetectors operating tarahertavavelengths for these missions are typically constructed
using cryogenic superconductitechrology. Different semiconductor technologies are typically
usedas detectorgrhere high sensitivity is requireahd an outline of these various technologies

used are described in tf@lowing paragraphs.

Transition Edge Sens¢fFES) bolometes are detectors used on telescopes such as the Keck Array
[19] and CLASS [20]. These devices operaby absorbingan EM signal and recording the
temperature change cadsby absorbing that signalThese devices are constructed from
semiconductor technology, typically built on silicaafers[21]. There is ongoingasearch into
these devicesn orderto create a TES with a low Noise Equivalent Power (NEP), which is
effectively thesensitivityof the detector. For example, BICEP2 has a minimum measured NEP
ofx v p 1t 7 TW( (J22]. AnewTES desigreing developetbr the potential SPICASPace

Infrared telescope for Cosmology and Astrophysiet@scopereports a measureNEP of
™ e pmt 7 TV U21].
Another type of technology uses detectorareKinetic Inductance Detecto(KIDs) [23]. These

devices aralsoconstructed from superconductors and operate at low temperature. As such
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majority of the charge carrierseaCooper pairs (paireelectron$. A photon with significant
energy incident on the device will break up the Cooper pair, which increases the impedance of
the device, which in turn allows a measuesnt to be digitally recorded.

Figure 1-6: Array of antennagor BICEP3 pixels. Image taken under microscdpgage Credit[6].

The detectors generate some waste heat from their electronic components and these heat sources
will generatea detectable signal strahertdrequenciesThese instruments, boktiDs and TES,
require low temperatures in order to function optimgBj. For example, the Keck arrdpcated

at the South Pole, requiraccryostat thiacan reah temperaturessdow as 250 4 [19].
1.3.1 Ground basedmissions

Despite the difficulties presented by the opaqueness of the atmosphere, there are several locations
on t he Ear t h o suitable forfmaking obsehians dtteratart#requencies within

defined bandwidths. The Atacama Deserthis location of several telescopes (suchtias
Atacama Cosmology Telescop&GT) [24]) due tothe high attitude and dry air. Antarctica is

also agparticularly good region for an observation site due to the long nights and cold dry climate.
SeveralCMB missions, such abe South Pole Telescop8RT) [25] and BICEH26] operatgor

have operatd at the South Pole.

ALMA is an astronomicafacility which operateswo large arrays at millimetra/bmillimetre
frequencieg5]. The 12 m diameter telescopes operating fezeFigure 1-7) performbetween

31 GHz Y 950 GHz. T df 64 arfiteénmasrtd tha otlreracpnsistinggrofslie s t s
telescopes, packed into a smaller configuration. The first array compriséentital 12 m
diameterantennasvhich can be reorganised ¢oeatean array wittbaselinesangingfrom 15 m

to 15 km. The second array is comprised of a mixture of 12 m and 7 m diameter teléduegpes.
arrays have been designed to despeictral lines of molecules in our galaxy, study young stellar

objects and to image objectsaatesolution of 0.1 arsecond$27].
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Figure 1-7: Aerial view of ALMA antennasn the Chajnator Plateau in tAéacama DesertmageCredit:
Carlos Padilld AUI/NRAO [28].

The Q/U Imaging ExperimenT (QUIET) is an experiment set in the Chilean Andes which aimed

to measure the polarization of the CNIB]. The telescope created for QUIB#@sa Dragonian

optical design in orer to provide a wide field of view. The instrument sensitivity for the Q and

W bands were 69+ O7 and87t+ O respectivelyThe optics direct the signal to a cryostat,

which contains the feed horns and deiextThe feed horns consistamrrugated feed horns and

HEMT (High-electronmobility transistor)detectors. Individual HEMT det&or elements are
compiled into an array constructed oR@B. These detector arrays operated at W band (centered

at 95 GHz) and at Q band (centered at 43 GHz) frequencies and the Q and U Stoke parameters

are measured simultaneously by each detector.

BICEP3]6] is a telescope currently operating at th@undserScott South Pole Statioff his
telescope is an upgrade of the previous BICEP missions and as such it contains a number of
technical improvements to previous designs. Eaxél is comprised ofdntennasabsorbers and

TES devices. BICEP3 is a refracting telescope and uses alumina lenses withrafieatitig

layer. BICEP3 is of particular interest as it hasimber of similarities to the devices that will be
discussed latr in this thesis, as it uses semiconductor technology, dielectric lenses and also
operates at W band frequenciggecifically at 90.4 GHz with a bandwidth of 24.7 GH&].

1.3.2 Spacebasedmissions

Two recent space missions ahe HerschelSpace ObservatorfFigure 1-8) and the Planck
telescopdFigure 1-9). Both missionswvere commissioneldy ESA, with assistance from NASA
andwere launched together by ESA in 206&rschel waghe larger telescope, with a 3r&
primary mirror.Herschelwas designed to examine star formatiexamine distant galaxiesd

study the chemistry of space molecU2s].
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Figure 1-8: Artist depiction of HerschelSpace Observatorimage Cedit: [30].

Several spacbased missions have observed the anisotropies in the CMB. NASA launched and
operated two satellitd81]: COBE (19891994) and WMAPJaunched in 2001 and operated by
NASA until 2010[32]. The latest of these missions was Planck (Z8@B3) which was operated

by ESA.

COBE performed a full sky measurement of the CMB airfirared flequencie$31]. The main

aims were to measure temperatangsotropies iad the spectrum of the CMB. WMA&tempted

to improve on the precession of the full sky observations of the CMB originally made by COBE
[32]. The satellite operated over 5 different frequency bands (K, Ka, Q, V and W bands). From
this satellite, the age of the Universe has been determined to be approximately 13.77 billion years
old and the Hubble constant has been determinedadpgeximately 69.3 knt'sMpc™.

Planck, with a 1.5m primary mirror was designed to specifically measure temperature
anisotropies in the CMBLhe Planclsatellite had two sets ofstruments, one for lower bands

which measures between $070 GHz[33] and one for higher bastetweenl00Y 850 GHz

[34]. Both of these instruments were made up of HEMT recei@nte.major result from Planck

wasthe full sky map of temperature variations in the CM&e(sgure 1-4).

10



Chapter 1Background 1.4: Applications of terahertz research

Planck

Figure 1-9: Comparisonbetween the CMBsatellitesmissions COBE, WMAP and Planckhe small
temperature differ ences The later telescapeswfli VWAB and Planck haeD B E 6

higher levels of antenna sensitivity arehpick up smakrtemperaturaifferencesimageCredit:[35].

1.4 Applications of terahertz research

Outside the field ofastronomy teraherz radiation has potential applications terrestrial
commercial applications the near futureApplications includedetecting defects in materials,

securityscanners and medical imaging equipni&6i [37] [38].
1.4.1 Medical imaging

Terahertz radiation has the ability to differentiate between different tissue types when used to
image biological matte29] [37] [39]. Additionally, terahertz radiation, which is ngonising

can examine tissue without causing potential dardageohigher energy xay radiation.

The absorption of light is dependent on the refractive index and the thickness of the tissue sample.
Different tissues have different levels of water content and relative dielectric permiiiyity.

using terahertz imaging, it is theoretically possible to distinguish between healthy and diseased
(cancerougtissue[37]. Specificaly, in the field of osteology, terahertz radiation can distinguish

between spongey and compact types of bone t[8§]e

The difficulty with using terahertz radiation to create an image is the low penetration depth of the
radigion throughliving tissue, especially when compared to other imaging techniques, such as
MRI and Xray scans. The low penetration depth of terahertz radiation is due to the strong
absorption of this radiation by water. However, this imaging techniqualgevior examining

living skin. The low penetration depth is enough to allow imaging in blood vessels beneath the
skin [39]. Ultimately, this technology is still in the process of being developed and applications

still face sane practical issug87].
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1.4.2 Spectroscopy

Some molecules have vibrational or rotational energy levels which radiate light at terahertz
frequencies when there igransition between energy levels. Spectroscopy is the techniqdie use
to study the chemical composition of a material by examining the light emittdaebg energy

level transitiongemission and absorptianyhese spectrometers operate by probing the sample
or material with terahertz radiation and then measuring thespsignal.Electrons in an atom

emit light when moving from a high energy level to a lower energy levéh vibrational or
rotational changes of staf€he frequency of the light emitted depends onrettergy difference
between thesstates

Spectroscop in terahertz regions have been used to study biomoleasesome of these
molecules have vibrational or rotational energy leweglgch radiate light at terahertz frequencies
when there is aransition between energy levdg®7]. A number of biomolecules have energy
level transition states at terahertz frequeneied this allows spectroscopy to be performed on
biological tissue. Biomolecules can be distinguished from each other as each hawavitheir
specific frequency of ¢jht observed when a transition occurs. For example, the four different
nucleic acids, which together are used to create DNA, are similar in their makeup, but they can
be distinguished usirtgrahertzspectroscopyThis can be used to determine the relaiveunts

of different molecules in eackample However, som@ractical problems still remaiWater,
which strongly absorbs terahertz radiation, limits the resolution of spectroscopglémuhas in

an aqueous solutigB7].

In the field of semiconductor research, technology is used to study charge carrier dynamics or
electron mobility in these devicds. semiconductors, the emitted radiation is proportional to the
photoconductivity of the materigd0]. Severalsemiconductor materials, such as solar cell
materials [41] and semiconductor nanocrystg0] have been examined using terahertz

spectroscopy.
1.4.3 Security Imaging

Dielectric material$end to behave differently tgrahertZrequencies thaat optical frequencies.
Some material that is transparent at optical frequensied) as glass, is opaquetatahertz
frequencies. Other dielectric materials such as Highdily Polyethylene (HDPEpaper and
plastic, which are opaque at visible frequencies, are transpartrabértzfrequencieq42].

Metals remain reflective at both optical aedahertdrequencies.

The figure below (Figure 1-10) showsapplications of this technology for detecting dangerous
objects inside containers by showintages of briefcasdaken at 20 GHz[38]. The (dielectric)
leather cover of the briefcase is trangparat 20 GHz however the (metal) knife is highly

reflective and appears as black in the image.
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Figure 1-10: Images taken of befcases using200 GHzscan a)showedan empty brikcase andb) showed

abriefcase containing a large knife and several harmless iterage Credit{38].

1.5 Thesis aitline

The core component of this thesiasthe simulation and experimental measuremainplanar
antennasnd dielectric lensefor W bandfrequenciesThis workwascarried out as padf an

ESA researchcontractentitled ANew Technol ogy adtengddor EMB i ci et
Experiments and Fdrn f r ar e d Ale tauthmis comiripdtion tothe contractwas to

develop W band lendlarrays fed by planar structures.

The results from the tests performed on these dewitethe VNA (Vector Network Analyser)

are also presented for different designed and manufactured planar antenna and dielectric lens
designs, withcomparisos betweenthe results from simulationsAdditionally, in parallel
Gaussian Beam Mode Analysis (GBMA) wagpliedto investigate the influence of truncation

due to a cryostat window on a muftioded horn field as it propagates to the farfield. The
following subsectins describe the content of each chapter.

Chapter 2

This chapter provides an outline of the background theory and simulation techniques used to
design and develop the planar antenna devices described later in the thesis. This includes a
description of thelifferent antenna systems and the different waveguide systems used throughout
the thesis. Specifically, general antenna theory and plardr gatenna theory are outlindthe
analytical and manufacturing techniques used to design and build these systemsgescribed

in detail. This includes a description of theectroMagnetic EM) simulationsoftware used to
analyse these systems. In particular, CST Microwave Studio Suite is introduced and the

underlying algorithmsised in this packagae describe
Chapter 3

This chapter presents the design, analysis and experimental measurementtedobyptbe
author for various Wband patch antenna designs. The author presents the electromagnetic

analysis of these devices using CST. Also presearedthe rests of experiments and
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measurementsperformed by the author, on tlatennasmanufactured in the Experimental
Physics departmen®otential issues these devices encounter at W band frequencies, sweh as
effect of dielectric thickness and efficient coup to the test source, are also examinfal.

analysis of an array of these devices is presented in order to establish the degree of crosstalk
present in such an array system. Finally, the results from the measurements performed on these

devices by our ifhouse VNA are presented.
Chapter 4

In this chapter, the analysis and developmerdroglternative planar antenfraferred to as a

sidefed patchantennagis described. These devices are similar in theotthédbackfed patch
antennagn Chapter 3, however, they are fed via differenttechnique An inset structureon the

patch surfacés described, which was introductmitry to reducereturnlosses. As part of this
development cycle, two new thinner P&Rere acquireih order to manufacture patch amias.
Analysisbased ornthesePCBsis also describedl he aut hor 6s wor k in thi:

initial design choices of the structure and the resulting measurewidémthe VNA.
Chapter 5

Alternative designoptions for W bandantennasare examinedn Chapter 5. This chapter
introduces and examines so c aloflthegbnalireaiahtoi r e 0
patch structures. The author examined several novel antenna designs that could provide an
alternative to patch antenna structuggamined irChapter 3 andChapter 4. These designs are
analysedusing the CST software A number ofthese devices were then manufaeturThe
experimental testing on these devices is disscribedn this chapterA br i ef overvi e
and dntgnhagdesigns were also examinetihese devices are beyond the manufacturing
capabilities of the workshop; however, theg aresented in this chapi&s they have potential

for future research
Chapter 6

This chapter reports on the design and analysis of W leasds to increase the inherent gain of

the planaantennasThese small lenses are often referred to as lenslets. As well as presenting the
results of experimental W band measurements performed on these lenses, several potential
designs were created inST and theirfarfield patternsand Sparametersvere examinedto
potentially reduce crosstalk or leaked power to neighbouring pikels promisinglens design

options were selecteandmanufactured. The tests performed on these lenses when couyled to
band waveguide probeare outlined and the resultsir{cluding a measurement of crosstalk

performed by the authparepresented.
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Chapter 7

This chapter details work dordesigning a planar horn antenna us@gussianBeamMode
(GBM) analysis.This chapte presents the authrapplication of this theory to a specific case
investigatinghe influence of truncation dde a cryostat window on a multhoded horn field as

it propagateat a frequency of 2.7 THZ he implementation of this codeWiviolfram Matlematica

is also discussed.
Chapter 8

This chapter containsxaverallconclusion on the work completatthis thesisThis section also

deliversa look into future work which leads from the research presented.

15



Chapter 2Related theory 2.1 Overview

Chapter 2 Related theory

2.1 Overview

This chapter detlsi the theoretical and experimental techniques used duringrtfjecp The
background definitions and terminology used throughout the tteesiatennasrealsoformally
defined

In the process ahvestigatingplanarantennasperating at W band fregqucies severabifferent
configurationswere analysed, which could also be manufactured and tested using facilities
availablein the Departmentf Experimental Physicdlany planar solutions are well known and
widely used at lower GHz frequency bands, &att to pose many manufacturing challenges at
higher W band wavelengths (2=74.0 mm) as many aspects of the planar designs are of sub
wavelength dimensionand start to become challenginpr manufacturing processes.
Additionally, the thickness of thei@lectric substrate over a ground plane be@rlemitation as

will be discussed laterPatch, slot, ring, and spirare all commonly used planar antenna
geometries at lower wavelengths, however, for a number afigmh manufacturing reasons;

emphasisvasplacedon patch antenna designs.

Electromagnetic analysis didse potential antenna designsswearried out using CST Studio
Suite[43], a powerful commercial softwapackagealesignedor electromagnetic modelling and
analyss in many different situations and used extensively inthi@sis The software operates by
dividing the device under test (DUT) into di
each of these cells numerically. The frequency domain solveedsextensively here talculate

the Sparameters for all of the ports in the system over a bandwidth. Time domain analysis is
sometimes also desirable to use where wide bandwidths are under investigation. CST inbuilt
monitors are used to obtain additibna i nf or mati on of the structur
farfield beam patterns, the power flow or electric figddtulationsat any pointThe Sparameters

are used to describe the ability of the antenna to receive power from the source and then match
the radiation to the antenna and radiation to free space. This value will be reported for each
simulation as it can be directly measured with our Vector Network Analyser (VNA) at different

frequencies instantaneously.

Electrically largeantennassuch agdish or hornantennashave an aperture larger than one
wavelength. However, planantennasguilt on PCB are electricallysmalldevices, as the device
is smaller than one wavelengiifferent planar antenngeometriesvereexaminechereas well

as theinfluence of the dielectric circuit boamize used as this plays a key role at higher
frequencies as it is a significant fraction of the wavelength of the radidii@ngeometry with

the largest directivity and lowesdturn loss over the bandwidth ofénest §:1 parametérwill be
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choseras thebestdesignto test and investigate forVd band lenslet arrayas described later in
this thesis The processedehind the manufacturing process and experimental testing is also
discussed.

Various computer sinlation softwarepackagescan be used to develop technology at these
frequencies. There are commercial programs atdirse software that will be used in this thesis

for this process. e commercial tools include CSWhich solves Maxw | | 6 s equati or
structure In-house software developed in the Experimental Phy3égartment includes, GMB
analysisand Scatte(waveguide EM software)The code developed-tmouse is not suitable for

planarantennasso CST wa mostly used for ik project.

The powettransferred in &awo-portsystemaredescribed using thgeneralized twegport network
S-parameter model. The-@&rameters in this context are used to describe the flow of power

though the structurendare describeth detailin Section2.3.
2.2 CST Studio Suite

CST Studio Suite is a commercial software programuseddd ve Maxwel | 6s equa
3Dstructurd44]. The solvers for CST are sukaplaforat ed i
di fferent area oM CROWAYE ETUBIOO Tihse uisCeSAT f or hi g
simulations and is used extensively in this project. Featuitesed for this researdh this studio
include:

1 Calculation of power patterns fantennas

1 Design of waveguides at microwave frequencies
1 Calculation of the $arameters for mulport systems.

CST was the main simulation tool used for design and analysis of plateanasas the software
can handle bothesonanstructures and waveguideBhe stuctures are created from editing a
collection of basic shapeBorts are used to simulate a connection to some power dsere

Figure 2-1), while monitors are used to collect output data from the structure.

» Structure
Built in CAD

Figure 2-1: Image of gplanar antenna structuregeated insid€ST6 €AD environmentThe port at the
back of the structure (in this case representimgicostrip waveguide connection) feeds peminto the

simulated structu
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The mainmetric used in comparing different designs was the directivity (associated with the
radiation pattern) and theg&rameters of the antenna (associated withedenanbehaviour at
the input side). These resuligere calculated by CST usingesgeral different algorithms as

described in this subsection.

The simulation is defined inside the CST work environmEigure 2-2). The navigation tree is
used to isolate a component or to show results. The parameter list is atedthe shape of the
structure in the CAD environment.

Q121 Probe plano convex lens 19mm = CST STUDIO SUITE® [Educational Lic
Home | Modeling  Simulation  PostProcessing  View o @-

X Delete D Fa ﬁ () @l Optimizer @ {j& irl‘ @ calculator @
7 Par. Ssweep - [@ Parameters-

== %ot
aste Unifs | Problem Setup Sttt Mesh  Global | Properties History - . Macros
3 Copy View - Type  Solver Simulation ¢ Legfile - View Properties List Parametric Update

53 copy
P

Clipboard Settings Simulation Mesh Edit Macros

Navigation Tree * | B2 034 Taagiss patch_amay | | | [EE Q12_1 probe pino_comvex_lens_1mm ]
(g Components
F8 Groups

(4 Waterisls
@ Faces

5@ Curves

[ Wes

E8 Anchor Poirts

G Lumped Bemerts
[ Plane Wave
Fafield Sources

3 Fisld Sources
g Pors

Excitation Signals
G Field Moritors

i Voltage and Current Monitors
3 Probes

{3 Mesh Control

[ 1D Resuts

[ 2D/3D Resutts

[ Farields

[ Tables

A

Parameter List X Progress x

30 Schematic

TV Name Expression Value Description Type = S 034_Taoglas Patch_array.cst

angle 0 0 angle of cut Undefine [E5Q12.1 Probe_plano_convex lens_ 19mm.cst
distance 2 2 Distance between the ... Undefine:
. 2 2 edge Length Undefine
epsilon 2 2 Undefine
P 1 13 position of lens. Undefine
probe_height 2 2 Undefine
rad 2 2 radius Undefine

RERCRERENCEE!

Parameter List | Result Navigator Progress | Messages

Readly Q+[@a 9 5 (7)- Rester=1.000 Normal Meshcells=15009.960 mm GHz ns K

Figure 2-2: Image ofCST Studio Suite 2016 work environment illustrating the menu (top), the navigation

tree (left), the CAD environment (centr@)d the parameter list (bottom).

2.2.1 Finite Element Method

Finite Element Method (FEM) is an analytical technique used to solve partial differential
equations using boundary conditions. The problem is divided into smaller parts (volumes) called
finite elemets. The size of the finite elements is determined by meshing. Meshing is used to
divide the structure into regions of cells. Geometrically complex regions contain small finite
elements, while ordered regions contain a few large elements. The equatiirtfiese finite

elements are combined into a large system of equations for modelling the entire system.

The CST project wizard vgaused to recommend a default solver for the structure. There are six
different solvers in the MICROWAVE STUDIO, time domaalver, frequency solver, Eigen

mode solver, integral solver, asymptotic solver and multilayer solver. The time domain solver is
recommended for a broadband antenna (such as a horn antenna), while the frequency domain
solver is recommended for resonanennagsuch as patcantennaps These two solvers are used

for the simuatonspresented in this thesis generalthe two solvers will give the sansaitputs,
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but time of calculation could be longer for frequency domain calculations depending on the
prodem.

2.2.2 Frequency solver

The frequency domain solver transforms the Maxwell equations into the frequency domain and
solves them at specific frequencies. A frequency sweep is used to obtain results over a user
defined frequency rangmea dthteaifinGse neradl WPtuir @ro s

equations at each frequency. This frequency sweep is used as the default.

The frequency domain solver was used to solve {har8meters for all of the ports in the system.
A monitor is used to obtain additionaformation of the structure, such as the farfield pattern and
the power flow. The frequency solver finds the value of these attributes only at the frefquency
whichthe monitor is defined.

2.2.3 Tetrahedral meshing

Structures in CST are created from a coltatif basic shapes and then CST divides the system
into a grid of mesh cells. Maxwell 6s equatio
Two mesh generation algorithms are available: hexagonal meshing and tetrahedral meshing. The

tetrahedral rash is recommended as the default for the frequency domain solver.

The tetrahedral meshing algorithm uses the manifold model to mesh the striigure 2-3).

The resulting mesh cells are tetrahedrons in shape. Points alosigrfioee of each component
are chosen. These points are then joined up
this algorithm is the amount of mesh lines per wavelength. For the tetrahedral mesh, a minimum
of 4 per wavelength is recommendddherefore the amount of meshes used in each simulation

can vary significantly, depending on the accuracy required.

Cell A Cell B
Man-rnanifold
rodel

Mesh surface

¥=

NN T
ZNZAN = B

Figure 2-3: Visual diagram of each stage in thetrahedral meshing algorithi#4] used by CSTor some

example structure comprised of red and green material components
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For planaantennasthe small finite thickness of the conductor can lower the quality of the mesh.
The mesh quality can be improved at specifard to mesh regions using Adaptive Mesh
Refinement (AMR), which reruns the tafredral meshing algorithm. CST sveset to
automatically run AMR at these low mesh quality regidies can be seen Figure 2-4, as the
edge regionbave ahighermesh density that theentre of each material

High Frequency Mesl

Tetrahedrons: 52967
Symmetry Planes:  none

Figure 2-4: Mesh of patch antenna created using tetrahedral meshing algorithm. The algorithm puts more
mesh cells in difficult to calculate rexgis, such as at the boundary between two materials. This increases

computation time and to compensate, less mesh cells are put in uniform regions of the structure.

Boundary conditionsvereset in CSTto describe the properties of the field at the boundasfe

the system. The Aopend and Aopen (add)d bol
experience minimal reflections when they pass through this boundary. A symmetry boundary
conditionwasused to reduce the computation time of the simulgiidrerepossible) If along

an axis, one side of the system is a mirror image of the other side, then a boundary condition could
be applied which halves the computation time requirétbwever not all systems that look
identical are electromagnetically identicdilie to boundary conditions.

2.2.4 Ports

A port is used in CST to simulate a connection to a power source or as thesimtidusfor
some given device. Using this tool, the waveguide structures descrilg=ttion 2.2 can be
created. The coaxial bke and rectangular waveguide am@ple to create, as the port ongeded
to enclose one side of the structure. However, the port for the microstrip wavéspa8ection

2.7.2 neededo include both the dielectrend the surroundg air (asshown inFigure 2-5).

A port size that is too small will not correctly simulate the &l mode of the microstrip,
but a port size that is too large wdlso allow higherorder modes to propagat®a fA macr 00
(embedded coding option for the user)CST calculates the expansion coefficient for a given

microstrip contact to an antenna to ensure the correct dimensimrused This coefficient,
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writtkbni as t figere expande the size diie port to a size that aptimum for this
test case

Figure 2-5: Portdimensionsfor microstrip waveguide, which is used for several desigr@hapter 4.
The port expansion aefficient [43] is used to create ports which correctly model microstifesiow

represents metal and green is the dielectric material.

The total power is the amount of power entering the stryatdmiehis alsoreferred to as accepted
power. Power can leave a structure in three ways, through losses, by leaving through another port
or by radiating awayThe power radiated is the amount of power leaing free spaceFor an

antenna, this radiated value is dediamd should be maximized.
2.2.5 Farfield pattern

The farfield monitor in CSTalculates the farfield pattern of an antenna andrafswrds the gain

and directivity of the antenrjd3]. This calculation will be described in detailiawill be amain

result from these simulations. The directivity of the farfield is measured by CST as described in
Equation (2.2). CST outputs the directivitgnd its associated farfield patteénma linear or on-

linear (decibel) form

The farfield monitorin CST calculates the farfield pattern aridst monitorneedso be defined

for a specific frequency. Several farfield monitors can be defined in CST, however each additional
monitor will increase the simulan time.The farfield pattern can be plotted in CST in several
different forms. The two mostly used in this thesis are3e (Figure 2-6a) and Cartesian
(Figure 2-6b) plots.
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dB1
a by B

3.9
Y,
=45

Type Farfield

Approximation  enabled (kR == 1) ¥
Monitor farfield {=95) [1]

Component Abhs z

Output Directivity x
Frequency 95

Rad. effic. -0.02403 dB

Tot. effic. -0.03237 dB

Dir. 11.03 dBi

Figure 2-6a: 3-D view of antenné farfield intensity pattern as calculated 85T. For these calcualtions
CST uses a dBi intensity scale (topCADiegviomgnt The
The calculated farfield pattern waverlade upon the antenna.

The3D pl ot is wuseful i n showi n(gigute B-@a). The smallc t i on
table in theleft-hand corner records the diffent results from the simulation, such as the
directivity (listed asO "Qi the table)The calculation that CST performs describes the beam in
polar coordinates, where thetfiis the angular offset relative to th@xis (axis of propagation)

and phi{, is the counteclockwise angular offset from the positixexis.

Farfield Directivity Abs (Phi=0)

farfield (F=95) [1]

Frequency = 95

Main lobe magnitude = 11 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 60.7 deg.
Theta / Degree Side lobe level = -12.3 dB

Figure 2-6b: Cartesian farfield/iew of probe antenna in CST along tiie= 0° axis Useful data on the
performance of the device can be extracted from reading the graphs. A summary of this data is provided in

the bottom right hand corner

The two forms of representirtige samelata are shown iRigure 2-6. The Cartesian plot is useful
in examining a specific cut sectirmgmhaodsidet he a
povi des information on the beambés properties

used in this thesis.
2.3 Antenna theory

2.3.1 S-parameters

At lower frequencies an electrical device is described in terms of resistance, capacitance and

inductance, howeer this lumpedor combinedkircuit theory tends to break down at microwave
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frequencie$45]. Instead, lhecircuit can be described usingpg@rametergseeFigure 2-7), which

describe the transfer pbwer between por{g45].

i —) D
) A — Sy .  °

Forward SI ; ; E > S P2,rev Reverse
b = o

measurement < measurement
— _ ' a,<{=
<= S, 4
b1,rev
Port 1 DUT Port 2

Figure 2-7: The two port Sparameters describe the flow of power between two garégge CreditRohde
& Schwarz GmbH & Co. Kttp://labrf.av.it.pt/ata/Manuais%20&%20Tutoriais/40b%2020VNA%20
%202VB20/CD/documents/Help_Files/WebHelp_ZVT/Start.hntm#System_Overview/Measurement_Para

meters/SParametes.htm)

T he 0 Sarameters r8fers to the scattering matrix, which refers to the effect on the wave as
the coupling of the transmission line changéghe matrie s 6adé and O6b6é are
reflected scattering wave variables. This relates thmr8meters to the transmission and

reflection coefficientsThe relationship between these variables ismivy:

A 3 A g g P (2.1)
For some system withh ports, there aré S-parametersThe power transferred in a tvpmrt

system such as the VNA igscriled using a Scattering Matrix withSlparametersas shown in
Figure 2-7. Of primaryinterestto us is the § parameter and tH&: parameterTheS;; parameter
is the powetaunched to the device under tbgtthe VNA that is rlected back into the VNA.

The S parameter is the power sentritrdhe antenna to the detecf(seeFigure 2-8).

A S;;parameter of belowl0 dBis a goodperformanceas this is equivalent to a return loss of
less than 10%. Theis no exact requirement for the; farameter, but these should be some
easily identifiable region where this parameter reaches a maximum. This region is referred to as
the Amain | obeodo of t hparanzeterns gomntasimul&iéh$is carbblea i n s

used to compare to the measured value.
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// \ x

Figure 2-8. Sy parameteiin the context ofan antenna system describes the power leaving the antenna

structure and detected by the receiving system

Crosstlk is a measure of coupling between two circi4if]. In the context of an antenna array,
the crosstalk in the power transferred between one antenna to aratheran unwanted source
of noise. It should be reduced tolaw a value as possible in an array structure.

2.3.2 Farfield

The farfield (or Fraunhofer zone) of an antenna is the region where the bedungatdy the
antenna retainsstangularpower distribution with distanc&he farfield is obtained when the
detector othedevice under tess sufficiently far away, that the beam can be considered a plane

wave. This condition removes the need to analyse near field effects.

The directivity describes the sensitivity of the antenna in a particular dirdd@i@nTypically,
this direction is given in polar coordinates, which consist of azimiutand altitude,d. the
directivity of the antenna can be described at spastion (i, d), however themaximum
directivity is normally stated, when comparing differantenna47].

o _2AAEADBBOEEUOM REOAABE | .
S AAEADAAR] GEEDT ODRDPBAAGE 1 (22

The radiated power of the antenna is compared to the radiated power of an isotopic EBotenna.
example, an isotropic amea, or an antenna that radiates perfectly in every direction has a
durativity of O dBi, while a high-performancehorn antennacan havea directivity of
approximately25 dBi. Commercial patclantennasat lower frequencies have typical directivities

of 6-8 dBi.

The gain of an antenna is a measure of how well the antenna propagates power (for a transmission
antenna) or receives power (for a receiving antenna) in a giveation [47]. Similarly, to
directivity, the gain can beedcribed in polar coordinates @ . A plot of ‘O—» traced

from the origin creates a surface known as the radiation pattern of the ddténna
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The power absorbed,, by this antenna, pointed at a sourceatd a total power a¥ depends
of the gain function of theeceiver 'O and the sourgeO . The gain function and the
directivity function of an antenna differ from each other by a scaler vahe Fris equation

descriles the amount of power absorbéd, , by this antenna at a distan€k,from the
sourceg47]:
- 0 "0 O
0 i = (2.3)
P@Q

Therefore, in order to maximize the power received by the antenna, it is necessary to maximise
the gain of the receiverhe difference between the two points at which the beam reaches half of
its maximum directivity is known as theull Width Half Maximum (FWHM). This can be used

to quantify the spread of the beam.

The polarization of the wave describes the motion of the electric field vector as the wave
propagate$47]. The wave is broken down into tvebectric field component® andO , each
with their own respective phase shift. The relative difference betweenweepbaseshifts,w —

determines the type of polarization.

In generalthe beam will be elliptically polarized, this is wekehe trace of the combination of
the two electric fields create an ellipse when plof#é&q. Linear polarization is a specific type of
polarization when the relative phase shift differenceis equal to zero dd  Similarly, circular

polarization occurs when the phase shift differeace- s N~/ 2.

A partially polarized beam can be broken down into two distinct polarizations;pal&o
component and a crep®larcomponent. The epolar component is the part of thienear
polarization that contains the majority of the power. The gpossr componer(in the orthogonal
linear polarizationcontains the remainder of the power and can be considetsxlan added

noise to the system if only sensitive to one polarization.
2.4 Printed Circuit Boards

In this thesis, lanar antennasare constructed on printed circuit boar(RCB). These board
consist of a dielectric materjakith a metallic plate, typically copper, on one or two sides of the
dielectric. A wide variety of dieletric materials are used in circuit boardsit the dielectric
constant for the PCB used in this thesis are bet®eeYi 4.

Photolithographyand milling are thenanufacturing technigsaisedin this thesigo form orto
etchstructures onto PCBietal surice Photolithography techniques uses a photoresist layer

conjunction with an optical masind a chemical bath to remove copper on the PCB.

The devices created using photolithography were manufactured in the Experimental Physics
departmentn Maynooth Uhiversity. This technique can only be used on commercial PCB that

have a uniform photoresist layer on the copper when purchased
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Thistechniquerequires: a mask, an ultwéolet (UV) light chamber and several chemicals, all of
whichwereavailablein-hous. Themaskis an image of thdesired pattern for the antenna printed

on a sheet of transparent paper. The image is created from black ink, whadtsoaJV light.

The resolution of the mask is determined by the printinglugsn or the dots per inc{DPI).
Printers with a higher DPRWill be able to create a higher resolution mask. pheter in the
Experimental Physics department, a Xerox WorkCentre 7835, has a maximum resolution of DPI
of 1200 x 2400.

A typical procedure to etch a planar antermaoives the following steps. Firstly, a mask was
placed on a&trip (small sectiondpf the PCBand the strip waplaced in a UV chamber. The strip
was illuminatedwith UV light which polymerized the exposed photoresist on the strip. The mask
was then remowe from the strip. A chemical solutiowas used to remove the polymerized
photoresist. This e part of the copper exposed. A beakEFeCl was heated to about’3Dand

this wasused to etch away the exposed copper. The waipplaced back in the UV amber
without the mask and the remaining photoresist was removed. After this process theadaard h
copper structure on top of the dielectric layethe desired shape for the antenna.

2.5 Planar antennas

Planarantennasare relatively small and simpblntemas commonly used at logr frequencies
(MHz/GH2), consisting of a dielectric substrate sandwiched between two metal Jaygrs
Circuit board etching techniques can be used to manufactureatitesmaseadily and so are the
preferred option to analyse higher W band frequencigSood resolution means that sub 1 mm
accuracy was possible onlaiyer PCBthat can be easily sourced commercialllge printer has

a much lower level of accuracy available, but the etching praméssother constraints on the

resolution of devices.

Theseantennasvere fed by either avire connector from below the antenomby asurface
microstripmetal line (sometimes referred to as a plamaveguidg. The wire or the microstrip
can then in turibe connected to a waveguideaohigh frequencgoaxial cabldreferredto as a 1

mm coax)

One of the most common planar antenna is the patch ar(sretagure 2-9). One coppetayer
(referred to as thmplayer) was etched tanake thgpatchantennahapestructure and the second
copper layerdn the other side of the dielectric subsirdtecomes the ground plane. The patch

can bea different shapajepending on the application andsifeda signalby either a wire, like
thebackfed patch antenna where the wire comes perpendicular to the patch through the ground

plane to the patch surface, or by a surface microstrip (parallel to patch surface).
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Exposed Ground
Substrate Plate
(underside)

Patch
Wire y

Figure 2-9: Diagram of path antennaviewed in CST CAD environment. The devieél radiate a gnal
along the positive-axis

Patchantennasrefiresonand e vi c¢c e s 0 a n efficientlylatyovemapnariowrégeency
bandvidth. The frequencyat whichthe patch operates mosfieiently is dependent on the size
of the patchGenerally, asmallerantenna will operatefficiently at a higher frequency, though
the shape dhe patch also effects the resonant frequgheyradiation eftiency and Sarameter
matching The substratthicknessneededo be small relative to the wavelength in order for the
antenna to operaterell and this becomes an issue at these higher W bandenciesas
wavelengthreduces Theseantennasare also quite light due to their small sizes and so have

appliations where weight is an issj4&].

Different coupling techniques were investigatedthis antennaSome techniques were preferred

in order to keep the project within our budget and local workshop capabHitiesxample there

was a limited amount afonnectorsvailable for this projecgsa simple Imm coaxial connector
costsapproximatelyd 1 0 Bddh.rectangular and circular patahtennasvere examinechitially

as radiating structure$Vaveguidecoupledand coaxial cable fed antenna structusese both
investigatedIn the case of the waveguide feadmetal wire sitting in a WR10 wavwgige was

used to feeghower througho the back of the antenna (through ground plane and substrate) to
connect the patch to the power sour€er the coaxial connectiom 1 mm coaxiaito-WR10
adaptomwas usedo feed the antenna and the signal was feah it@oaxial connector to antenna

via a microstrip line of copper.

In the cavity method47] of analysing patclantennasit is assumed that the thickness of the
substrate is small compared to the wavelength. This reducesnipexity of the problem from

a 3D to a 2D situation Thedielectric substratbetween the patch and the ground plate can be
thoughtof as a resonant electromagnetic cavitiye electric field is contained within this cavity,

and any radiation is due te electric field leaking from the sides of the cavity.
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The antenna will not workffectivelyi f t he operating frequency i s
resonant frequencylhere will be some radiation from the antenna, but tlaesennasadiate
most eficiency at their resonant frequenayer about a 10% bandwidi7]. If the gap is small
relative to the wavelength of the wave, the problemlssolved with the Helmholtz equation
[47]:
no 1§ ‘¢ On (2.4)

Once the correctdundary conditions were imposed on this equation for a rectangular(fmatch
example), hisyields the resonaritequencyto be[47]:

Q0 0 —2 (25)

¢ 0 W
whereL is the length of thehorterend of thepatch is the speed of liglandi s the dielectric
constant of the substratsimilarly, for a circular patcf7]:
PRT PO

¢t U

wherer is the radius of the patdd7]. The resonant frequency forpatch antenna is inversely

Q (2.6)

proportional to thesizeof the patch. So, faa typical patch operating ® bandfrequencies, the

size of the patch ief the order of Inm.
2.6 Horn antennas

This section will outline the properties of haantennasThese devices are used in this thesis

either as detectors or as radiators and some background on these degipaisad

Horn antennasre the transition volume from a bounded waveguide tesipeee and act as an
impedance matching volume. They are typically conical or rectangular in gealapéyding on
the feed waveguide. In modelling hoamtennasthey are electrically large devices and are
simulated using full electromagnetic techniquélese devices radiate over a relatively large
bandwidth (30%), especially when compared to pattiannas They also have relatively large

directivity in the region of between Z dBi.

In this thesis, a \ABand probe matennawas typically used as the detector anter(oetailed
description of device shown iRigure 2-10). These probentennasare simply smaller horn
antennasised to couple received signal without effecting the farfield of the radiating antenna
radically, as the probe field pattern is quite isotropic. The probennasised in this thesis were
mandactured by SWISSto12 and are available in two varieties, a circular waveguide probe and
a rectangular waveguide protioth of these devices feed WR10 waveguides to and from the

VNA high frequency multiplier heads.
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/

WR e
\ box1z — 4—
< WRz ’—v <« box2z
y 7// Circz
7 7 7 71
z box2

Figure 2-10a: Cross sectiothrough diagram of thercular waveguide probe antenna.

Figure 2-10b: WR10Circular waveguide prokentennagleft) and the same antennaa¥NA port (right).
The VNA is described later iBection 2.8

Parameter Value Parameter Value Parameter Value
boxla 2.396mm box2a 3.092mm radius 1.6mm
box1b 1.535mm box2b 2.422mm
box1z 0.879mm box2z 0.846mm

Table 2-1: Values for each parameter ftive circular waveguide antenna.
2.7 Waveguides

A waveguide is a device used to transfer posrad are used extensively in this thesis to feed

power into the antenna structufdere are a number different techniques and devicist can
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be usedto feed an input signallhe three different waveguidese detailed in this section:
rectangular waveguides, microstrip waveguides and coaxial §dBle€ommercial rectangular
waveguides and coaxial cables ased in this thesis, while a few microstrip waveguides will be
designed andhanufacturedby the author.

Each of these different devicesin be modelled agansmission lines and as such have a
correspondingharacteristic impedance,, whichis depemlenton the design of theaveguide

This impedance is aanalogueo low frequency theory as tloharacteristigmpedance is a ratio

of the voltage waves to current waves in the transmission line. As power in a transmission line
passes from medium onertedium two, part of the wave is reflected back into medium one. The
ratio of the incident wave to reflected wave is measured in the VNA &sitharameter. Ideally

the S; parameter should be minimisgd].

In each of theswaveguides, the power can propagate through the waveguide in several different
forms and areeferredto as modesThere are four distinct modes: TransveesectreoMagnetic
(TEM), Transverse Electric (TE), Transverse Magnetic (TM) and Hybrid sid@. A wave
operating in TEM mode has both the electric and magnetic component moving transtteese to
direction ofpropagationA TE or TM mode has the electris magnetic field respectivetyioving
transverse to the direction pfopagationHybrid modes contain a combination of TE and TM

modes.
TE:@ OO ,’® mHO (2.7)
TM: @ momt,® O[O (2.8)
2.7.1 Rectangular waveguides

Inside a rectangular waveguide, the electromagnetic wave can onlydsaither TE or TM
modes. Thedimensiorof the waveguideffectsthe cutoff frequency As a simple rule of thumb,
the largest wavelength thaiill propagate though a waveguide is twice the larger size of the
waveguidg48].

The WR waveguidare standardized rectangular wavegsi@@gure 2-11). The larger size of
the waveguide is roughly Hiahe wavelength, and the smaller side is half of the larger\8/&.0
waveguides are the type oéctangular waveguide used &t band frequencies A WR10
waveguide is consists of a block of metal with a 2.5427 mmrectangular cross seati. There

are additional shapedaveguides to allow for redirecting the sigrigiplane bend, Hplane bend

and twist waveguides.
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Figure 2-11: Collection of WR10 waveguide Shown in this figure are rectangulaaveguide, Hbend

waveguides and twist waveguides

2.7.2 Microstrip

A microstrip (Figure 2-12) is a waveguide consisting of a dielectric sandeit between two
metallic platesand istypically manufactured on PCR!I5]. Energy is transferred ihoth the
dielectric and the air above. Due to different dielectpiesentthe modes of the microstrip are
mixed to some degree. Most of the energy is transmitted in afEMimode.The microstrip
should be desigmkto prevent the high@rdermodes propagaig, as these higher modes should

be avoidedo obtain good directivity

Substrat

Figure 2-12: Microstrip waveguideonstructed from PCB, as viewed from {¢gft) and from side (right).
Most of the energy iransferredn-betweerthetwo metal plate but, as the plateare not fully enclosed,

part of the eergy is transferred in the air

The microstrip can be approximated to be a dual filled capacitor, parttyfiith air and partly
filled with dielectric [45]. The primary use of thesgaveguides in this thesis to provide
connection between structures constructed on PCB.

2.7.3 Coaxial cable

A coaxial cable is a cylindrical waveguide, lwian inner conductor, of radius a dielectric

surrounding the wire, with an outer radiusdafsurrounded by an outer conducfdb]. In a
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coaxial cablefor frequencies below a specific enftf frequency,’Q the wave travels only in a
TEM mode.This single mode of propagation is desirafilee cut off frequency of the higher
order modes are larger than the cut off frequency ofitstemodeand can be ignoredhe cut

off frequencyfor the4 - modes and %nodes are given by the followir{g5]:

&T-1 1 A& o ® (2.9)
&T@% i ﬁq,@ w
“ d') d) (2'10)

As the equations show, the cut off frequency of the TM mode will be larger than that fd& the T
mode. The cut off frequencies are odpendanon the size of the coaxial cable. Therefar®

long as the coaxial cable is too smallaltow the propagation of the Ti&ode, only the TEM
mode will propagatdn practical terms, this means that thegnwire and surrounding dielectric

need to be on the order ofrim in size in order to operate at W band frequencies.
2.8 Vector Network Analyser

The VNA is atwo-port system used to measure the internal reflection, gain and loss of a device
by directly measting theS-parametersThe VNA used in the Experimental Physics Department
is a two port Rohde and Schwarz Z\24, with an accompanying ZV&110 converter head

system(Figure 2-13) to allow for operation atV bandfrequencies (GHzY D GH2) with

full capability to measure all four-garameters

F‘\

Figure 2-13: ZVA-Z110VNA port head in the Experimental Physics department

The maximum power is sent from one component to another wieeimgiedance of the two
structures matcf9]. When the two components differ in impedance, some power is reflected
during the transition. The reflection coefficient describes how much power is reflected back into

the source anthe transmission coefficient describes the amount of power transferred from one
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reference plane to the nexh the departmental VNA, the-fgarameters are measured and a
monitorwasused to displathemagnitude and/or the phase of thpeBametersl'he ransmission
coefficient is not directly measured, rathie S; and S2 parameters are measured, which are
related to the transmission coefficient. Similathe S: and S, parametersre measured, which

are related to the reflection coefficient for pbrand port 2 respectively

Figure 2-14: VNA with S-parameters presented on the screen. The wires are connected at the back of a
ZVA-Z110W band port headH{gure 2-13).

TheVNA needsto be calibrated before taking a measurement. The \(ldA&,1 and prt 2 are

switched on roughly 3 hours before beginning of a test.i$kisne to ensure that the VNA is in
thermal equilibrium before a calibration is maddditionally, the wires canecting the/NA to

the extension headseedto beasstraight as possible as wibendingcan increase losses in the
system.For the calibration procedure appliettetnumber of points is set to 3501 and the
frequency range is set the entire W band rae, i.e.75 GHzY D IGHz This gives a
measurement every0IMHz, which is sufficient folmccurate measurementour experimental
arrangementyut different frequency resolutions are possible

The WR10 calibration kit consists of a short, a match andfaeatpall which can be connected

to WR10 waveguides. There are two calibration methods: the TOSM (Through, Offset, Short,
Match) method andhe UOSM (Unknown, Offset, Short, Match) method. In both of these
methods, the parameters for four specified segios are measured on both ports. For both
met hods the AOffset o, A Shdepending@nnvidatnietMadisased) ar
either the AThrougho or the AUnknownd i s mea

A short is a device consisting of a waveguide connected to a leageqf metal, which ensures

a signal sent to the short will be reflected back. An offset is a thin waveguide (dimensions), used
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to extend the distance between two adjoining waveguides. A match is a waveguide that terminates

in some absorber material.

Thetwo different methods initially follow the same procedure. TheaBmeters are recorded
when either the short (for AShorto), the mat

AOf fsetd) are connect e drerepeatephopot2. 1. These mea

The AThrougho method invol ves phydqhRigara2-lb)y con
and recording the-Barameters. Th@nknowrdo methodnvolvespointing the two ports together
but not physical joinedpossibly with a knownantenna attached to the end of epohnt and
recordingSp ar amet er s . The fiunknowno in the calibr

signal was sent from one pdo the other througthe space between

Figure2-15Thi s photo showed two VNA port heads connect

portion of a TOSM calibration.
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Chapter 3 W band patch antenna

3.1 Overview

A patch antenna operating in the W band frequency range was egamitially. CST
Microwave Studio was used to design and analyse the patch aftearemtenna wasuilt ona
commercially available Printed Circuit Boaf@CB), ABT18. Printing and etching techniques

were used to modifyreside of the boarth ordertocreat e t he A p ahecsubsiratst r uc
of the board separatethis patch from theground plate(coppercoated dielectric) The
electromagnetic analysis/designanufacturend testingf this antenna will bedescribed in this

chapter.

In order to fed the patcha smallhole wadrilled throughthe PCB in order to connect the patch

to an input signalA small wirewaspassed through the hole asaldered to the patch structure

The wire was excited with\&/ bandsignal through the other end of theevbeing suspended in

a WR10 waveguide with a direct connection to the VNA frequency multiplier head. This method

to excite the planar antenna avoids the expense of high frequency 1 mm coaxial corréstors.

was mechanicallychallenging andomeexperimetationwasrequiredto achievegood contact

while preventingsubstantiadamage to the boardolating the ground planandlimiting any

other undesired effectf hi s chapter will deafle®&xapentas tvel y
Chapter 4 then will describe the use of coaxial connections feeding W band signal using a

waveguide to coaxial adaptor on the WR10 waveguide of the VNA frequency multiplier head.

The EM measurements performed on the Hadlkantennasrealsooutlinedin this chaptemwith
CST simulation inthis development procesBhefarfield pattern generatad CST,wasused to
quantify the amount of power radiated by the antenna. Raitgmnagend to onlyradiate
effectively overrelativelysmall frequency bandsoundheir resonantréquencyandshould have
a lowreturnpower (S; parametérbelow-10 dB attheseresonanfrequencieswhich could be

achieved througltorrect design, manufacture and assembly.

As part of this development, circular and rectangular pattdnnasvere exarmed. The finalized
design was manufactured by circuit board photolithagyam the Experimental Physics
Department. A number of limiting fac®mademanufacturinghe antennadifficult. A major
limiting factor wasthe size of thk patch for W band fregncies. e to the small size of the
patches, only simple-R shapes (circles, rectangles, squaces)ld be accuratelyreproduced.
Any detailon the patch smaller than roughly ~ hBhwasbeyond the tolerance available for the
in-housemanufacturingorocess Several tests were performed on the manufactanéehnasn

the VNA laband these resultgere compared to the simulated results from CST.
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3.2 Circular patch antenna

A circular patclgeometry(Figure 3-1) wasconsiderednitially andwasused to test the influence
of the various free parameters (patch dimensions, dielectric thickness, feeding mechanisms and
feed wire offset distanceshhe cavity analysidescribedn Section2.5, was used to determine

a starting point for thpatch radius of the device

Board Length

Board Width

b4

t

B=p x

Figure 3-1a: Circularpatch antenna as seen from CSiewed from top The white circle at the centre of

the devicewvasthe patchThe green sectiowasthe exposed substrate of the PCB

For theparameters used in this simulatidhe length and widtlof the board in thec andy
direction respectivelyseeFigure 3-1a) define the size of both éhsubstrate and the ground plate.

For an antenna with a dielectric constant of 3.3 operating at 100 GHz, the radius of tlfi@patch
Equation ( 2.6 ) should bed.48 mm

Ground

Figure 3-1b: Cross sectiowiew of patch antenna. The wire connects the patch to the power supply. The
displacement of the wire along thexis relative to the centre of the devigasr e f er r e d-stho fa £ t |
parameterlt should be noted thalhe choice of axis is arbitrary awming in the orthogonal directidfthe

y-axis)or diagonallywould have an equivalent effeas the patch is a circle

The firstpatch geometry to be analysedswhe circular patch witradiusof 0.48 mm (for full
list of parametersseeTable 3-1). The size of thecircuit board supportingthe patchhad no
obvious starting value The board was initially set to a size of Gnmx 6 mm as this was
comparable to the size of theodified portion of tk WR10waveguideThe dielectrigdhickness
of commerciaboard (0.8 mm) wasrlativelylarge fractiorof the operatingvavelengti(3 mm)
and thismay also have armffect on the antenna performandéne dielectricthickness(in the
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model)was initialy sd to 0.1mm to ensure the approximation used in the cavity analysis model

of the dielectric thickness beimguchsmaller than the wavelength of operation.

The patchhicknesavas set t®.01lmmandeffects due to the finite size of the patch were ignored
in this first approximatioranalysis The ground plane of the antenmas set t@athicknessof 0.8

mm which takes into account the metal on the PCB and the support structure undérheath
ground plane coverthe entire areadbeneaththe dielectric. The we through the ground

platddielectricwasconnected t@ simulationsourcein the CST work environment

Patch mrameters Value Patch mrameters Value
Patchradius 048 mm Wire ocoating radius 0.3 mm
Wire radius 0.1 mm Relative electrical @rmittivity 3.3
Board wdth 6 mm x-shift 0 mm
Board Ength 6 mm y-shift 0 mm

Dielectric hickness 0.1 mm

Table 3-1: Initial parameters used to describe the circular patch antenna based on the cavity model. The

paraneters for the wire are based on a small wire available in the department.

The fix-shiftd parameterKigure 3-1b) describeghe displacement of the wire from the centre of
the patchalong thex-axisand itwas impotant tooptimiseto achieve highest directivityn CST,

the wire was createslich that at xshift = 0 mm, the wires@passed directly though the centre of
the patchThis parametewas increased from 0 mi 0.5mm in steps of 0.inm, whichmoves
the wire from the centre of the patchvardsthe edgef the patchSteps of0.1 mmwere chosen
as this accuracy was possible to reproduce by using a micratagewhen drilling this device

(the manufacturing tniques used to create the device are descrilkfgedition2.4).

Directivity,Phi=0.0

Directivity, Ph...(x_shift=0)
Directivity,Ph...(x_shift=0.1)
Directivity, Ph...(x_shift=0.2)

Directivity, Ph...(x_shift=0.4)
Directivity, Ph...(x_shift=0.5)

-90 -60 -30 0 30 60 90
Theta / Degree

Figure3-2a:Far fi el d pattershiwbhschahged ant enna as fAX
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S-Parameters [Magntude in dB]
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Figure 3-2b: Plot of S;; as thedisplacement of wire alonga x i xsshiffd fvas altered

The farfield pattern of the different antenna configuratiofigure 3-2a) showedthat the
displacement of the wirkada large effect on the mictivity. When the wire passes through the
central position of the patch (i.e-skift = 0 mm), the antenna had an extremely lowaris
directivity. The antenna had a larger directivity when the wire was offset from the centre of the

device

The S;1 parameter Figure 3-2b) of theantennahad aminimum return lossSy1) at 100 GHzand
this occurred when the wire was 0.4 mm from the centre of the antitnvasclearly seen from
these two figures thalté worsiposition forthe wire wa directly through the centre of the antenna
(i.e. x-shift = 0mm). When the wire passes throutltis central positionthe antenn@roduces
beam which hada null orraxis andwo lobes radiating in different directiorisigure 3-2a). When
x-shift was greater than 0 mm, the farfield patterns had two peakaxisff located at
approximately+ 30°, which was not idealAdditionally, the return loss wahigh, with a S;1

parameter value 60.25 dB, meaning that 94% of power was reflectetiich waspoor.

The antenna had a larger directivity and a lower return loss when the veireffset from the
centre of the patchAt the best position, when-shift = 0.4 mm, then-axis directivity of the

antena increases ®8 dBi,but this antenna still suffers from a large& -3.2 dB at the targeted
frequency of 100 GHz. This means at most only 52% of the poweinfedhe device was

radiated.

Thisdesignwas not behavingell. It would appear thattber parameters, such as the patch radius

and board size, may also be affecting the antisrperformance.

The effect of the r adipafermandevasexaminephext.Thédradmusr t h e
of the circular patclvasaltered in sizérom 0.3% mmY 0.6 mm,i.e. 0.14 mm on either side of

what was predicted from theory, in steps of 0. The size of the patch radius was altered

along with the wire displacement and thehift was alsaltered from 0.2 mnY 0.4 mm. This

was to see if the wire digggement and the patch size were independent parameters.
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Directivity,Phi=0.0
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Figure 3-3a: The farfield patterrat 100 GHzof thedifferentradii with anx-shift of 0.2 mm
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Figure 3-3b: Thefarfield pattern at 100 GHz of the different ragith an xshift of 0.3 mm
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Figure 3-3c: The farfield pattern at 100 GHz of the different ragiiih an xshift of 0.4 mm The results

from this testwvere similar to the results froRigure 3-3a andFigure 3-3b.

39



Chapter 3W band patch antenna 3.2 Circular patch antenna

Plot of S;; at 100 GHz vs patch radius for

antennas with different wire displacment
0.36 0.4 0.44 0.48 0.52 0.56 0.6

x-shift = 0.2 mm
811 -3 x-shift = 0.3 mm
= X-shift = 0.4 mm

Patch radius (mm)

Figure 3-3d: Plot of the $; at 100GHz parameters of the antenmersus the patch radius

The farfield pattern of each anteninaFigure 3-3a, Figure 3-3b andFigure 3-3c all showthat
theseanennasheans hada similar double peak shagdeally, the farfield pattern should reach
a maximum at the centre®j0of the beam. Howevethe directivityof theseantennasreached
maximumat roughly + 30° off-axis, which was notideal Additionally, paches with a low §

parameter also tend have a corresponding high maximum directivity.

The devices with a smaller patch radius had a largex@ndirectivity than the larger patches. It

was desired for the device to reach its maximum directivity on @dswhend = 0°). All devices
showed two distinct beams, indicating that the beam in not propagating along the desired axis of
propagationThe directivity of the antenna was strongly depended on the patch.radius

Theplot in Figure 3-3d showed that a small change of the patatius greatly changes tiS
parameter.There was a strong relationshgbservedbetween patch size and thesonant
frequencyThe S parameter for thesntennasvas rather large akéS;1value was never below
-10 dB (i.e. The return loss was higfihe lowestS;: parameter was obtained when the patch
radius was 0.40 mior the antenna with anshift of 0.2 mmAs the xshift value increased, the
patch radius that had the minim#n parameter also increase, but the minimum value was less
than it was for the antennas with a loweshift. This also implied that wire displacement and the

patch size were not independent parameters.

The lowest & parameter was obtained for the devigthwhe patch radius was 0.40 mm for the
antenna with an-sift of 0.2 mm. This antenna also reached aaxia directivity of 5 dBi-The
peals of thedesignedantennasverenot located at the centre of the beam, but rathehbeam
hadtwo distinct peaksind the & parametersvereabove-10 dB. This design wa not opimum

either, so further investigation v8aneeded to improve the characteristics.

The dielectric board size was altered to determine ifatiécedt he ant ennads perf

board widh (along they-axis) and the board length (along thaxis) was varied betweenY3
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12 mm. The wdth was kept to a constant ofimwhen length wa varied The patch radius was
fixed at 0.4 mmand thex-axisoffsetwas0.2 mm.

Board Length

Board
Width

Figure 3-4a: Diagram of patch antenna detailing the axis conventised to distinguish between board
length and width. The board width was the length alongytheis and the board length was the length

along thex-axis

Directivity, Phi=0.0

8 Directivity,P...(Antenna_I=3)

6 Directivity, P...(Antenna_l=4)
Directivity,P...(Antenna_l=5)

44 Directivity,P...(Antenna_l=6)

—— Directivity,P...(Antenna_l=7)

Directivity 27 “| —— Directivity,P...(Antenna_|=8)
(dB) 04 —— Directivity,P...(Antenna_I=9)

—— Directivity,P...(Antenna_l=10)

Directivity,P...(Antenna_l=12)

-90 -60 -30 0 30 60 Q0
Theta / Degree

Figure 3-4b: The farfield patterof the antenndue to alteringhe boardength(x-axis).
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Figure 3-4c: The S;10f the antenna due to altering the board lengtix{s).
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Directivity, Phi=0.0

Directivity,P...(Antenna_w=4)
—— Directivity,P...(Antenna_w=6)
Directivity,P...(Antenna_w=8)

—— Directivity,P...(Antenna_w=12)

Directivity
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Figure 3-4d: The farfield pattern of therdenna de to altering the board wid(y-axis).
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Figure 3-4e: The S 0f the antenna due to altering the boaidth (y-axis).

A small change in the length of the board width has a large effect on the shthpefafield
pattern(seeFigure 3-4b). The antenna had a single-axis peak when the board length was 3
mm (in redin Figure 3-4b). Thefarfield pattern®f antennasf various sizesat 100 GHzshowed
that the onraxis directivity reacheda maximum © 7 dBi with a board length of 8&1m and a
minimum of 4.1dBi at 5mm. The beam shapéth a board length of 81m was preferred, as the
directivity reacheda maximum at the cemir There was found to be no simple relationship
between board lengtind directivity.

It was found fom Figure 3-4d, thataltering the width of the board didot change the overall
shape of the farfield patternplike altering the board lengtidditionally, altering either the
board length or width had only a small effect on the return loss of the antgguee(3-4c and
Figure 3-4e).

Altering the board size along tkeaxissignificantlyaffectedthe farfield behaviour of the antenna,
but altering the boardize along they-axis only slightly affectedhe fafield pattern. This
asymmetry wa due to the effect of theshift paraneter, which alters the position of the wire

from the centre of the board along thaxisonly.

Altering the size of the boamffectsthe S; parameter by 0.4B (Figure 3-4c). The effect of
altering the sizeof the boardwasrelatively small whencompared to the effect of altering the

radius of the patclwhich changeghe Si parameteby up to5 dB (Figure 3-3d).
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Chapter 3W band patch antenna 3.2 Circular patch antenna

Each parameter tested was also affected by the oplaeaneters i.e. each parameter was
interdependentThe critical parameters for the design of thisana,astested so far, werthe
radius ofthe patch, the board length ahe displacement of the wire from the centre ofgateh
along thex-axis In a saies of testsall these parameters were altered in order to optimise the

overall performance

Patch mrameters Value Patch prameters Value
Patch adius 0.43 mm Wire ooating radius 0.3 mm
Wire radius 0.1 mm Relative electrical @rmittivity 3.3
Board wdth 12 mm x-shift 0.2 mm
Board kength 3 mm Dielectric hickness 0.1 mm

Table 3-2: Parameters for idealised circular patch antenna

Figure 3-5a: Circular pach antenna of radius 0.43 mm as viewed in CST

Farfield Directivity Abs (Phi=90)

farfield (f=100) [1]

Directivity ]
(dB)

Frequency = 100

Main lobe magnitude =  6.93 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 92.9 deg.
Side lobe level = -14.6 dB

-10 t t t t t
-90 -60 -30 0 30 60 90
Theta / Degree

Figure 3-5b: Farfield plot of the antenna along the 90° axis (equivalent to thg-axis).

Farfield Directivity Abs (Phi=0)

farfield (F=100) [1]

Directivity |
(dB)

Frequency = 100

Main lobe magntude =  6.93 dBi
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 85.6 deg.
Side lobe level = -16.5 dB

-90 -60 -30 0 30 60 0
Theta / Degree

Figure 3-5c: Farfield plot of the antenna along tbehogonali = 0° axis (equivalent to thg-axis).
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Figure 3-5d: 3-D farfield plots of the idealisedntennaviewedfrom top (left) and side (right). The beam

was propagating along the desired axis of propagatiorz-@hes).
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Figure 3-5e: The Siparameter of the circular patchtanna

Overall this antenna showed several favouredacheristics. Théarfield pattern othis circular
patch antenna indicates that the power was radiating alormattie and had a relatively large
directivity in the main beam of 7 dBFigure 3-5b).

The board was longer in widfhlong they-axis) than in lengthx¢axis) and the device had a larger
maximum directivity when it had this characteristic. This was due to the asymmetry of the beam,
i.e. the beam pattern was different alongyexis Figure 3-5b) compared tdhe x-axis (Figure

3-5¢). This was influenced by the position of the wiged which was offset along theaxis, but

was not offset along theaxis in this analysis. If the wire was offset in thaxjs, then the tard

would be longer in the-direction.As Figure 3-5e shows the S; parameter of the antenna showed

a sharp decrease at 100 GHz#alB. This was above the desired return los4.0fdB.

The thinnest board initially available the Experimental Physics departméraid a substrate
thickness of 0.8 mmiThe antenna design needed to be scaled to match this available beard. T
effect of this substratiicknessvas also examined. The substrate thickness waeditom 0.1
mmY 0.8 mm in steps of 0.1 mm. The device used the table of parameters shbanei3-2,

with the exception of the substrate thickness.
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S-Parameters [Magnitude in dB]
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Figure 3-6a: Comparison betwee$; parametes for different antenna geometriesl@0 GHzused when
examining the effect of the substrate height on t
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Figure 3-6b: Directivity of the antennat 100 GHzas substrate height changes
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Figure 3-6¢: 3-D farfield pattern of thergenna with a substrate height®ol mm (left) and0.8 mm¢ight).

Altering the substratéhicknessaffectedboth the $ parameter and the directivity of the patch
antenna. The S parameters ifrigure 3-6a showedan initial decreaswith increasing substrate
thickness decreasing to a minimum 6fl15 dB with a substratehicknessof 0.2 mm, before
increasing up te2.9dB with a substratthicknessof 0.8mm. Theantennasvith a lower dielectric

height had a lower overall return loss. Devices with a substrate thickness above 0.5 mm suffer
from a high return lossThe directivity of theantennasas seen irrigure 3-6b decreases with
increasing substrate thickness. The shape of the farfield beam changes, and with a substrate height

of 0.7 mm, theoff-axisbeam sidelobes become larglean the oraxis beamThe devices with

45



Chapter 3W band patch antenna 3.3 Rectangular patch antenna

thinner substates had a relatively large-amis peak in their beam pattern, while the devices with
a large substrate thickness had large side |dtes 3D farfield plotin Figure 3-6¢c showed the
presence of large undesireideslobes propagating along tRey plane. These side lobes were
larger than the beam propagating along the dediredtion of propagation.

Thebestantenndehaviour seen iRigure 3-5was witha dielectic thickness of 0.1 mm dwever

the thinnest board available initialig our programméiad a substrate thickness 0.8 mm. The
beam using a board with a thickness of 0.8 mnF{gure 3-6¢) showed the presence of large
side lobesandwas na optimal. A board with a dielectric thickness of less than 0.2 mm was

requiredfor the circular patch antenna to operate more optimally at 100 GHz.

3.3 Rectangular patch axitenna

Board Length

Board Width

g

Figure 3-7: Rectangular gtchantenna as seen from CST, as viewed from top

A rectangular patch antenna was also designedhaedtigatedinitially the dielectricthickness

the xshift of the feed wireand the wirgparametersvere set to the same values as the optimum
circular antenna fromTable 3-2. For a fair comparison between the two antenna designs, the
simulated rectangular patch antenna d@signedon the same PCB dimensions as the circular
patch described iBection3.2 This section provides a summary of the effects of changing the
various parametersf the design including the position of tleedwire, the patch size and the
substrate heighor thickness The first rectangular patch antenna analysed basedon the

previously designed circular patch antenna.

Patch mrameters Value Patch mrameters Value
Patchlength 0.83mm Wire ocoating radius 0.3 mm
Patchwidth 0.9mm Relative electrical @rmittivity 3.3
Wire radius 0.1 mm x-shift 0.2 mm
Board wdth 12 mm y-shift 0 mm
Board kength 3 mm Dielectric hickness 0.1 mm

Table 3-3: Initial parameters forectangulampatch antenndéasedon the design on theavity analysis

method The device had lowest retulmss when the-axis offset was 0.2 mm

The cavity analysis was again used to determine a starting point for thaigatdfor an antenna

with a dielectric constant of 3.3 operating at 100 GHz, the length of the wasch.83mm
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(Equation ( 2.5)) and the widthy-axis length) was 0.9 mnfor the patch, thiength and width
werethe length of theatch in the<andy direction espectively

S-Parameters [Magnitude in dB]

75 80 85 90 95 100 105 110
Frequency / GHz

Figure 3-8a: This graph presents theiSarameter of the antenna over the W band.
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Figure 3-8b: The farfield pattern of the antendascribed.

Figure 3-8ashows thathe device resonated most strongly at regions arou@Hz7The antenna
reached a maximum of roughly 7 dBi at 100 GHigQre 3-8b). The beam had the desired farfield
pattern characteristics, a relatively large directivity with minimised side Ittbgsould also be
noted that the we offset and the patch size were not independent parameters.

The starting parameters were altered in @&dptimise towardthe best performance&he first
parameter analysed was the wire offset and this was tested to see if there was a different between
altering the device along one axis rather than the ¢khery direction) For this test, theffset
alongone axis was set to 0 mm and the offset alongther axisvas varied from 0 mniy 0.5

mm (seeFigure 3-10for offset along both axes)
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Directivity,Phi=0.0
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Figure 3-9a: The effect on the farfield of the beam as the position of the wire alomxggatkie (x-shift) was

altered.
Directivity, Phi=0.0
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Figure 3-9b: Farfield of patch antenna at 100 Gékzthe position of the wire along thaxis(y-shift) was

altered.

In bothFigure 3-9a andb, the maximum directivitygached was ~7.5 dBi. Offsetting the device
along one axis was equivalent to offsetting the device along the othemséxpected
Additionally, both plots showed theeed for the wire to be offsefhe antenna did not radiate

power onaxis when the wiravas passed through the centre of the device.

The wire could be shiftediagonallyalong both thex and y-axis, which is more difficult to
manufactureccuratelyin a real deviceTheoffset alongooth axesvas varied from O mni¥ 0.5

mmas showrin Figure 3-10:
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Figure 3-10: Farfield pattern of rectangular patch antenna as device is altered alorgniiygaxis

The plotted farfieldn Figure 3-10 were similar to though generated Figure 3-9. The wire

needs to be offset from thertee by some amounbétween 0.2 and 0.4 mmwhich varied
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depending on other paramedetdowever,it did not make alifferencewhich axisthe wire was
offsetalong. For the following simulatiortie device will be offset along thxeaxisonly.

After determining the effects of the wire feed, the effects of the size of the patch were examined
next.The patch length waateredasit wasincreasd from 0.5 to Imm in steps 00.1 mm. This

changedhe size of the patch in thxeaxis direction.

S-Parameters [Magnitude in dB]
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98 98.5 99 99.5 100 100.5 101 101.5 102
Frequency / GHz

Figure 3-11. S;; parameters of the differeahtennasarranged according to patch length.

FromFigure 3-11, the curve of the S parameters for patches longer thanri have a positive
slope and so have a highesonanfrequency. The curves of the lengths belowrm have a
negative slope and so have a lonegonanfrequencyThis implies that increasing the size will

decrease the resonant frequency and vice vetsah was expected from the cavity model.

The minimal $: parameter was found when the patch lengte &@mm with a value 0f8.39 at
100 GHz However, he minimum value Sparameter for the 0.6m length antennavas -2 dB

at 1® GHz. Thiswasnoteworthy as ahange obnly 0.1 mm in the length of the antenoauld
change theffectiveness of the antenbg roughly 6 dBAs a result, smaller steps sizesawethen
examinedn orderto find the patch size which hage@sonanfrequency of 100 GHZThe patch
length was altered from Or@m to 0.8mm in steps of 0.0thm. This alters the size of the patch
in thex-axis direction tdind a desigrwith a S minimumat 100 GHz

S-Parameters [Magnitude in dB]

— 51,1 (Patch_length=0.72)
— 51,1 (Patch_length=0.74)
— 51,1 (Patch_length=0.76)

98 98.5 99 99.5 100 100.5 101 101.5 102
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Figure 3-12a: Plot of the $; parameters due to increasing the patch length fron¥ 008 mm
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S-Parameters [Magnitude in dB]
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— 51,1 (Patch_length=0.66)
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Figure 3-12b: Plot of the $; parameters due todreasing the gah length fron0.6 Y 0.8 mm

FromFigure 3-12, the minimum & parameter occurs atdifferent frequencyor different patch
lengthsA s mall change in the patch si zeThdsande a | a
pattern holds from before Figure 3-11, with patches longer thalh7 mmhave a positive slope

and vice versa.

S,,vs Patch length

0.5 0.6 0.7 0.8 0.9 1

at -3
100 GHz 5
dB) S
7
-8
-10
Patch length (mm)
Figure 3-13: This graphshoweda Plot of S1; at 100 GHzversus patcheingth.
Figure 3-13 shows a minimum value of § was reached when the patch lengthsw@a72mm.
The Q1 parameter at 100 GHzas found using the graphs kigure 3-11andFigure 3-12. This

antenna was the best so far designed hedHharacteristicef this antenna aréhewn in Table
3-4.

Patch mrameters Value Patch arameters Value
Patch vidth 0.72 mm Wire ooating radius 0.3 mm
Patch éngth 0.9 mm Relative electrical @rmittivity 3.3
Board wdth 12 mm x-shift 0.2 mm
Board kength 3 mm Dielectric hickness 0.1 mm
Wire radius 0.1 mm

Table 3-4: Patchparameters for the optimal rectangular patch antenna
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Figure 3-14a: Idealised ectangular patchrdenna simulated in CST

Farfield Directivity Abs (Phi=90)
10

farfield (f=100) [1]

Directivity
(dB) 07

10 4
Frequency = 100

-15 i : ; : : Man lobe direction = 0.0 deg.
120 80 40 0 40 80 120  Angular width (3 dB) = 74.6 deg.
Theta / Degree Side lobe level = -15.8 dB

Figure 3-14b: Farfield pattern of a single patchtanna along thé = 9C° axis.
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Figure 3-14c: Farfield pattern of a single patch antenna alondithé® axis
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Figure 3-14d: Plot of S; parameteover Wband frequencies
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Figure 3-14e: The 3-D farfield plot of antenna from #hfront (left) and side (right)

Figure 3-14 showed the rectangulpatch simulated in CSWith farfield plotalong theli = 9¢°
axis (Figure 3-14b), the(i = 0° axis (Figure 3-14c), the S;; plot (Figure 3-14d) anda 3-D plot
of the farfield Figure 3-14e) at 100 GHz This antenna hadhe desired farfield and.S
characteristicsThe farfield pattern alonghe (0 = 90° axis showed that the antenna reached
maximum directivity of 7.6 dBi. Theigplot indcatedthat the antenna radiatéd power most
efficiently at approximately 99.5 GHz.

An S;1 parameter of9 dB indicates that more than 87.4% of the powasradiated. The3-D
view of the antenna showed powerswadiated along theositivez-axisas expectedAs seen in
the 3-D plot, the antenna vgasymmetric about thez plane, but showed slightasymmetry

around the/-z plane The antenna reached a peatediivity of 7.6 dBi.

One interesting detail of this antenna was the asymmetry observed irDttiarfeeld pattern
(Figure 3-14e), which was also observed for the catsng thell = 0° and thed = 9¢° axis.The
farfield beam pattern was asymmetric in one direction, which was due to the offset of the wire

along one axis.

Despite the antenna kigure 3-14 showing favoured characteristics, it was not posdiblbuild
this antenna as the available ABT18 PCB had substrate thickness of 0.Bhameffect of
substrate height or thickness was also examifileel substrate height was increased fromY0.1
0.8 mmin steps of 0.Inm. These resultsanbe compared to similar test done for the circular

antenngFigure 3-6).

Substrate height | x-shift  Patch length Patch width Board length Board width

0.1 mm Y| 03mm 0.9mm 1.3 mm 3 mm 12 mm
Table 3-5: Geometry ofrectangular antennased for examininghe effect of substrate height ahe

deviced performance
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S-Parameters [Magnitude in dB]
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Figure 3-15a: The S1parameters comparedth changing substrateeight
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Figure 3-15b: The directivity of the antenna with changing substrate height

The S: parametersHigure 3-15a) show an initial decreaseith increasing substrate height,
decreasing to a minimum e£0.34 dB at substrate height of Grn, before increasing up to a
maximum of-1.71 dB at a substrate height of &éh. The S1 parameter was low at frequencies
around 100 GHz for a board with a substrate thickness of between 0YL thvhmm.

The directiity of theantennagFigure 3-15b) decreases with increasing substrate height, like the
situation inFigure 3-6. The farfield pattern of the antennas altered significantth wubstrate
height. When the substrate height was 0.1 mm, thax@ndirectivity was 7.6 dBi. However,
when the substrate was 0.8 mm, theaars directivity decreased significantly to on.7 dBi.

The smaller boards created a better béEme. patch ai@nnahadthe maximum directivity when

the substrate sia#as0.1 mm.

The only board availablead a substrate height of OrBm initially, which is shown belowand
results innonoptimumperformance in W bandin order b verify manufacturing, coupling and
testing capability thislesignwas manufactured ants beam was measured to compare with

simulations.
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Figure 3-16: The 3-D farfield plotof the rectangular patchngenna with a substrate height o8 @am as
viewed from the front (left) and side (righfhis image is a combination of the same simulation generated
in CST.

The farfield plotin Figure 3-16 showedhe presence of large side lobes propagating along the
y plane.The antennaeacheda maximum directivity of 3.6 dBi in the direction of the-axis.
This valuewas small compared to the size of the beam alongxthigolane which reacheda
maximum of 4.8dBi. A PCB with a thickness of 100m seems to be required to achieve the
&lassid®patch behaviour at W band frequencidgally, a PCB with a thinner dielectric needed
to be sourced in order to manufacture patetennasvith better performance.

Furtheranalysisshowed that it was notogsible to create a classical patch antenna using the
ATB18 PCB, which could perate effectively at 100 GHAlternative antenna designasn ths

boardwere examinefurther and are presentadChapter 5.
3.4 Crosstalk between patch atenna

When a collection of antennasare placed significantly close to each other, crosstalk between
antennaswill occur. Crosstalk is effectively the leaking or transferring of the signal from one
antenna to another and this context,wasused to refer to power from one amtarentering a
neighbouring antenna and is troublesome for focal plane arrays particularly at longer wavelengths
showing up as excess signal or system n@nserder to evaluate and assess the crosisatikeen
nearby antennas two identical planar patclantennaswere designed in the CST CAD
environmentFor simplicity, itwasassumed that trentennasverefed a signafrom the backside

by an ideal port

S-parameteravere used to quantify the power entering one antenni famotherand was a
function of tre particular geometry of trentennasand their separation. The power that leaves
from port 1 and enters port 2 will be referred to as the coupling parameter or agptraifeter.
The Si parameter represents the power reflected back into the feefl.eopower lostat the

input to the individual antenhaTwo types of antenna arrays ave considered, one group
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Chapter 3W band patch antenna 3.4 Crosstalk between patch antenna

consisting of isolatedntenna®n separatboardsand the other consisting of patches all printed
along the samsingledielectricbase
Thetwo identicalantennasvere placed some distance apart ahd S$; parameteat 100GHz

was simulatedfor different separationsThe antenna creatdthd the same geometries as one

detailedpreviouslyin Figure 3-14. Eachantennavasassumed to be connected to an ideal coaxial

connection.
Parameter Value (mm) Description
x-shift 0.2 x-axis displacement of theire from centre position
y-shift 0 y-axis displacement of theire from centre position
Dielectric teight 0.1 z-axis lengh of dielectric
Antennalength 3 x-axis lengh of dielectric and ipund plate
Antennawidth 12 y-axis width of dielectric andrgund plate
Ground hickness 0.8 z-axis length of ground plate
Wire coating 0.3 Radius of the coating afoax feed
Wire core 0.1 Radius of the wire core abax feed
Patchwidth 0.72 x-axis length of patch
Patchlength 0.9 y-axis length of patch
Patch height 0.01 z-axis length of patch

Table 3-6: Parameters usadeasuring crosalk between neighbouringatchantennas

These simulations compared crosstalk without the influence of the dielectric matérigd.the
antennasvereplaced in a lenslet array, the lens will need to be at least a few wavelengths wide.
The patches will alb need to be separated by this distance to be centred with the lens af front
them The distance between the tantennasvasvaried in steps of 1 mm in theaxisdirection.

(For the analysis along theaxis sed-igure 3-21). Antennascould also be created on the same

substrate and that scenario will teetailed inFigure 3-18.

Distance

L.

Figure 3-17a: Two identical rectangular patc@dmtennasasviewed in CST.The patcho-patch distance
was varied along the-axis. The antenna on the leftasreferred to as antenna 1 asviésconnected to
waveguide port 1 and the antenna on the right will be referred to as antennawaasdnnected to

waveglde port 2
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Tables\1D Results
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Figure 3-17b: Farfield dot of the twoantennast a frequency of 100 GHghen the devices were separated

by 10 mm.
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Figure 3-17c: A graph of $; parameteat 100 GHz against spacing between the boards.

Figure 3-17b showedhe farfield pattern of two antenna placed 10 mm ggat o wn as A Por
and A P Bathtantéhra)generate a similar farfield pat@srexpeted The graph Figure
3-17c) showedthat herewasa linear relationship between spacangd $; in this direction.As

the distance between patches increabescrosstallalso decreases.

At thep 1t | point, unde -80 dB of powemwas transmitted between the tvantennasThis
separation distance will be used as the distance for the followingTastseason for thisvas
that lensletsvereeventuallyplaced in front of thesantennaswhich will be large relativéo the
antennasThe lens experiments adetailedin Section6.3, however the crosstalk effects without

lenslets werexaminedirst.

In the previousimulations theantennasvere on separate dielectrics. If the patatennasvere

printed onto a singl circuit board this design would be easier to manufacture; however, the larger
board will affect the response of the antenna at W band frequencies due to the substrate influence
on the radiation characteristics. This design will be referred to as agredgrand was analysed

in the followingsimulations (se€igure 3-18for diagram)
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Chapter 3W band patch antenna 3.4 Crosstalk between patch antenna

This desigrof the array(Figure 3-21) may be difficult to construct due to the small size of the
board n one direction. A patch array with two patches siasulatedn CST, where the patches

wereplaced some distance apart onxfaxison the same board

Figure 3-18: Antennaarray with tworectangulapathes. The samgatchgeometrywasused in these tests

as used ifrigure 3-14.

The distance between the two patches was altered from ¥ mi& mm in steps of 1 mnThe
following simulationmonitorsthe effect of increasing the distansetween the two patchaleng

thex-axis as illustrated ifrigure 3-19a.

S,;against distance
5 10 15

-20

Sy,
(dB).go

-100
Distance between patches (mm)

Figure 3-19a: Plot of power transferred between the @dennas against distance of gagian.
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Tables\1D Results
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Figure 3-190: Farfield pattern bthe array, when the patgb-patch distance vgaset to @ mm.

This farfield pattern(Figure 3-19%)of t he t wo pch,tbuat hothsdo Idhwe m ddam ma t
pattern that reached a maximum near the cebuie each wagffectedin the same manner
symmetrically The power transferred between the tmennasiecreases with distance, which
agrees with trend illustrated Figure 3-20. The distance between the two patchethe array

was increased from 2 mih 16 mm in steps of iInm. As expected, the power transferred between

the two antennasdecreased linearly with distance between th&he antennasn an array
transfers a larger amount of energy between them, when compared to a nuartienoisot
manufatured on a single dielectri@he PCBmust also influence th&ansferringof energy

between the two patches.

S,,against distance

0 5 10 15 20
0
-20
S,; 40 e Antenna Array
dB) . o Single Antenn:
-80
-100

Distance between patches (mm)
Figure 3-20: Comparison of crosstalks;;) in an antenna array and for a group of singhgenmas

manufactured on separate boards.

There was a linear trermken inFigure 3-20 between crosstalk and distan@éere was more
crosstalk in the array design compared toisbtatedantenna design as expected as more power
could be transferred via the substratéeTarray sucture was easier to constrarid there was

only a relatively smalincrease ircrosstalk between thantenna®f roughly 4 dB This increase
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Chapter 3W band patch antenna 3.4 Crosstalk between patch antenna

in crosstalk could be ignored at the total crosstalk was at-2@siB, which means that at most
1% of power was transferred between the antennas

Two of theantennaswith the parameters detailedTiable 3-6, were placed along theaxis.The
crosstalk and directivity of the antenna wasapwred as the distance between the two patches
increased. Based on the results fieigure 3-4b, the patches should have only a small influence
on each other as thayere separated along theaxis. The crosstalkleng this directiorwas
affected by the physical connection between the two patch antenna subBagiekl plots of

theantennasvere alsdaken at variouseparations.

Distance

I
Figure 3-21a: Varying the patchto-patch distancalong they-axis.
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Figure 3-21b: Farfield plot of antenna, when patchesrel mm, 4mm and  mmapart

S,; against distance
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Figure 3-21c: Plot of crosstalk between antenwith distance

The shape of the farfield pattern only changes when the patehetess tharonewavelength

(=3 mm)apart.When the patcheserel mm apart, the maximum directiviof the first patch
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Chapter 3W band patch antama 3.4 Crosstalk between patch antenna

was6.9 dBi. The maximumdirectivity when the patcreewere4 mm apart Eigure 3-21b) was
7.6 dBi, which wasthe same when the patch@sre16 mm apart The crosstalk between the
antennasvhen they were placed at these distances was verfFigwre 3-21c).

The $S;1 from the previous two simulatisnvereplotted together in the following figur&igure

3-22). The distancgpparameteusedwasthe patcito-patch distance.

S,, against distance
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-80
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Figure 3-22: Comparison of crosstalk between the antenmagathex-axis and the-axisversus patcito-

patch distance

Therewasmore crosstalbetweertheantennaglaced along thg-axis compared to thentennas
alongthe y-axis which wasdue tothe wire offset in the-axis. In the previous exammethe
antennadave little crosstalk between them. This might not be true if tveremore than two
antennaplacedcloseto each other.

To examine the effects of mydte antennasthreeidenticalantennasvereplaced D mmapart.
Theantennasverel abel | ed 1Y 3 The pammetdrseffthieaatermaswereshdwn .
previouslyin Table 3-5. This creates a-fort sytem and so the 9 diffent Sparametersvere

recorded.

Figure 3-23a: Three identical antenna eaglaced 10mm apart along the-axis
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Tables\1D Results
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Figure 3-23b: The diretivity of the 3 antennaswhereeach antenna was labelled according to the port it

received power from
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Figure 3-23c: Plot of S-parameter®verthe W bandwhen thethree patchantennasvereplaced 10mm

apart.
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Figure 3-23d: Plot of the crosstalk%:, Ss1 and $p) overW bandfrequencies

The farfield pattern of these thraatennas were very simildigure 3-23b), which implied that
there was minimanfluence on eachntennagarfield pattern due to the othantennasThe S,
S and S3 shown inFigure 3-23c each followed the same curve. The difference between these

curves varies by less than 0.1 dB. Tias expected as each antenna was identical

The valuegecorded for &, S;: and S2 over the W band is shown Figure 3-23d. Over this
band,the $S; and S; parametersverevery similar. At 100 GHz, § was-77 dB, while the %

wasonly 0.1 dB lower at77.1 dB.This implies that thererasan equal amount of transferred of
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energy between the first and second antenna and the second and third drftersaas
significantly less power entering antenna 3 frommam&el as expected and this crosstalk between
these twaantennasvould betoo low to measure with accuracsingthe VNA.

There was a different level of crosstalk betweenxtagis aligred antennasand yaxis aligned
antennasAn array wih four patches ws created in CST in order to monitor the crosstalk along
both of theseaxes The patchesverearranged into a 2 2 pattern anddur patches were put
together in the four corners of a square configuration. Batdnnavasconnected to a pothe
4-port gystemshown inFigure 3-24). The $1, S:1 and S;1 were of particular interest in this

simulation andveremonitored as the distance between the patalassaried.

L.

Figure 3-24a: Image of dbur patchantennasntegrated into 2 2 array structureEach patctwaslabelled

after theCST port it was connected to

S-parameters at 100GHaainst distance
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Figure 3-24b: S-parameters for each antenna in the arrayoatGHz.

Figure 3-24 showedhe results fronsimulationtest to observe the mutual coupling of four patch

antenna in an arrajthe Sparameters were used to show how the power transfers between the
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patches in the arragrosstalk).The S; parameter represents power leaving the first patch and
entering the second port. The farameter represents power leaving the first patch and entering
the third port and thesSparameter represents power leaving the first patcleateding the fourth

port.

Figure 3-24b showedhe effect on the Parameters at 100 GHz with distance. The crosstalk
tends to decrease with distanddie $; and the & parameter decrease linearly with diste.

The S; was constantly larger than the;,Swhich was unusual as patch 2 and 3 wheesame
distance from patch 1.

The resultdrom the CST simulatiowhen the patchegere10 mm apartwere examined as part

of this analysisThe Si1, $», S3 and Sus parameter®f the antenna over the W band and the

farfield patterns and this distance are showhigure 3-25.
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Figure 3-25a: The return los&-parameters for each antennatiis arrayover Wbandfrequencieswhen

the patches were placed 10 mm apart
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Figure 3-25b: The farfield patrngenerated by ea@ntenna in the arraglong theli = 0° axis (equivalent

to thex-axis),when the patches were placed 10 mm apart
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Figure 3-25c: Farfield plot along the orthogonal axXisaxis).
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Figure 3-25d: 3-D view of the farfield pattern fopatchantennal. The 3D view of showedthat most of

the power wasadiated along the desired axis of propagatmax{s).
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Figure 3-25e: 3-D view df farfield pattern for patclntenn2.

The minimumS-parametem Figure 3-25afor each patch were located at 100 GHz, which means
that all antennagesonated at the same frequentlge return loss of each antenna was nearly
identical for each antenn@his showed that having multiple patshen the same board did not
affect theresonanfrequency of each patchhis means that the more patches could added onto
a larger board, without changing the frequencies the antemuld receive most effectively.
Figure 3-25b shows that the farfield pattern of antenna on thehlaftd side (antennas 1 and 3)
were identical, as do the farfield patterns of the tlgntd side antennas (2 andBigure 3-25c
shows thathere was only amall difference in the beam generated by themdiffeantennas along

they-axis.
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Chapter 3W band patch antenna 3.5 Coupling a wire feed to WR10 waveguide

The 3D view of patch 1Figure 3-25d) andpatch 2 Figure 3-25e) showedthat most of the
powerwasradiatedalong the positive-axis.However, omparing these two patchesiowedhat

patch one radiates more power ie fhositivex-axis, while patch 2 radiates magoewer in the
negativex-axis. This was noteworyhas to develop this antenoanfiguration there wasa shift

of the wirefeedalong thex-axis, but nbthey-axis. This seems to bé&fecting the symmetry of

the beams in thesdirections The asymmetry in the beam patterns was also the cause of the
difference between thexSand the & parametefrom Figure 3-25b.

3.5 Coupling a wire feed toWR10 waveguide

When one of the baefed patch antennaveremanufactured, it needed to be feed with a W band
signal and so was connected to the V{iide power source) via a wire suspended modified
WR10 waveguideA waveguidesectionwas adapted with a hole drilled into the waveguide to
allow the feed wire couple radiation to the pal€BT was used teimulat and to calculate the
efficiency(i.e. low S parameterpf the system and tansure the technigue could feed adequate

power to the antenna (i.e. larga Barameter).

A WR10 rectangular waveguide is a standard waveguide, which had an intieneakionof
¢cw 1 I p& M [.Additionally, there were two possible design choices for¢lagangular
waveguide to feed signal to the embedded wire, a closed waveguide, which terminates in a short

(Figure 3-26) or an open waveguid€&igure 3-30), which opens to frespace.

A modifiedclosedWR10 waveguidevasconsidered first. The structuveassimulated inCS T 6 s
CAD environmen{seeTable 3-7 for device dimensionsA wire, with an inner radius of 0.125

mm and a dielectric coating radius of tnhwas fed hrough a hke into the waveguideall.

Figure 3-26: Diagram of close®#VR10 waveguide asewedfrom outside @ft) and vieved insidgright).
A port (in red) used to monitor power flovis placed at the openirgf the waveguide and at the position
where the wire leaves the waveguiBert 1wasset at the open end of the waveguide and padssetat

the exit point for the wire

Internal dimensions External dimensions
x-axis length 2.54 mm x-axis length 4.54 mm
y-axis width 1.27 mm y-axis width 3.27 mm
z-axis depth 9 mm z-axis length 10 mm

Table 3-7: WR10waveguiddnternal and externalimensions.
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Chapter 3W band patch antenna 3.5 Coupling a wire feed to WR10 waveguide

The wire was placed at different posiis relative to the engall of the waveguide. This was
determine the effects (if any) pbsitioning on the&ouplingbetween thavire of the antennand
the waveguideThe x-axislength of the waveguide waet initially to 10 mmand thewire was
set to a depth of 1.2 mm insidhe waveguide.

The main purpose of these tests was to determine the return loss from the waveguide and the
amount of power that coupled to the wire in the wavegiide.S: parameter in this case records

the amount of power sent from the open end efwhveguide bacthrough the open end of the
waveguide (right to left)The Sirepresents the power sent from the waveguide that coupled to

the wire.

The wire was initially set to the closed end of the wavegag#was moved énm back from
this endalong the waveguideThe S; parameterst the operatindrequency of 100 GHzavere

calcdated at 0.3 mm step intervals.

S;1Vvs Wire shift in waveguide
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Figure 3-27: Return lossS;1 on the waveguidas thewire is moved along the-axisof the modified WR10

waveguide

Figure 3-27 showsthat the & parameter of thevaveguidevaslow at some specific points along
the x-axis and rises to zero at other positiofisere was a large amount of reflection from the
device bak into the source porfThe local maximum of the efficiency occurs gvé&.8 mm along
thex-axis. Thebehaviourof theS;; parameteseems to suggest sogmnstructive and destructive

interferencewithin the waveguide

The regions where the:Sarametewasat a minimumwerevery narrow and a change of 0.3
mm of thewire feedcouldincrease the 3 parameter to 0 dB. This level of accuracy would be
difficult to achievein a practical settingThe minimum & achievedwerealso relatively high,
only reaclng 3.1 dB, which indicates thahly about ~50% of the power leaves thaveguide

though the antenna.

The length of wire in the waveguide should have some affetiie power transferred though the
waveguide The length of the waveguide cavity was setGeanm Thewire was placed & point

where theS;; parametewas minimized dccording to the results frofigure 3-27). The depth
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Chapter 3W band patch antenna 3.5 Coupling a wire feed to WR10 waveguide

of the wire was increased in steps of i@ from Oto 1.2mm. The range of values chosen was
determined by the ichensions of the WR10 waveguide, whilong thisdirection hada length
of 1.27mm.

S,1Vs Wire depth in waveguide

0 0.2 0.4 0.6 0.8 1 1.2
-0.5
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Figure 3-28 S;; at 1M GHzvs depth of wire in waveguide

The minimum % parametein Figure 3-28occurs at Inm, whichwaslarge enough to practically
manufactureThe wire will need to be this long to receive the maximum amount of powlds
closed waveguiderhe minimum & parameter was3.3 dB and thisvasstill too highto be used

in a realistic setting.

The effect of the cavity length on teuplingefficiency was analysed. Theire was placed at
1.5 mm from the closed end of the waveguilige position of thevire was kept constant during
the testing. The length of theaveguide was increased fronmimto 10mm in steps of 0.81m.

S;;at 100 GHz v&Vaveguide length in
waveguide
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Figure 3-29: Plot of S;; vs waveguide éngth.

Figure 3-29 shows thathe length of tB waveguide did not appeardffect the coupling beteen

the wire and the waveguide arig:treflections in the waveguide remain high
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Chapter 3W band patch antenna 3.5 Coupling a wire feed to WR10 waveguide

The previousthree figures Kigure 3-27, Figure 3-28 and Figure 3-29) show the coupling
between the closed waveguide and the wire in various configurations. In each case, the S
parameter (the reflection coefficient) between remains ai®¥aB.The closed waveguideas

not best suited to use to feed the antenna due to the high reflections in the waveguide and the
presence of interferenedong thewaveguideaxis

An open WR10 waveguide length was also simulated and ultimately manufactured. To
manufacture accurately thrgavegude hadan adaptewith a precisely drilled feed hole for the

wire. The holein the adaptenad a0.3 mm radiugnd manufactured in the mechanical workshop

in the Space Research Organisation of the Netherlands (SRON), Groningen who could deliver

precise meahining.This device was simulated in CST as showRigure 3-30:

z
I=:>y

Figure 3-30: WR10waveguide with attached holdéty port wasplaced at ne end of the waveguidad a

secondwvasplaced above the holghere the wire leaves the waveguide

The wirewas excited with a waveguide port in CST work environméhé ability of the wire
and the waveguid® coupleradiationwas examinedl he wire, with an inner wire radius of 0.125
mm and aielectric coating radius of 0OrBmwasused It wasnecessary to test at what depth the
wire should beplacedin the WR10 waveguide.

S,1Vs Wire depth in waveguide
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Figure 3-31a: Power reflected in waveguide with increasing wire depth
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S,, vs Wire depth in waveguide
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Figure 3-31b: Power sent into feed though waveguide with increasing wire depth

Figure 3-31 showedthe power reflected by the wira)(and transmitted into the feebl)( More

power was reflected back into the waveguides the depth of wire in the waveguide was
lengthenedHowever, he deeper the wire in the waveguide, the more pavastransferred by

the wire.Therewasa range of depthetween 0.6nm and 1Imm where he maximum power
couldbe extracted via the wirevhere reflections were also kept to a low leBdsed on these

two graphs, the wire should be between 0.3 mm and 0.7 mm deep in the waveguide, as at these

depths more powavascoupled than reflected.
As the dielectriccoatingon the wirewasdifficult to preciselyremove from the metah the lab

in setting up this arrangement; it was necessary tthesftfect thiswire coatinghadin coupling

power from the waveguide.

Figure 3-32a: Waveguide with dielectric coating in waveguide

The Si11 parametersvere used to calculate how much poweas coupledasthe wire in the
waveguide was varied fromrim to 1mm, in steps of 0.&nm. The depth of coating of therei
was varied from Gnm up to the length of the wire, which was set tarh. The power reeived
by port 2is shown below(Figure 3-32c). A value of 0 dB would indicate all the powewras
leaving from the waveguide.

69



Chapter 3W band patch antenna 3.6: Design parameters

S;1 Vs Length of wire coating
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Figure 3-32b: Power reflected due to wire coating

S,, vs Length of wire coating
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Figure 3-32c: Power transferred as depth of coating varies

Figure 3-32 shows that e ability of thewire to extract W band powerdm the waveguide was
not affected by the length of the wire coatiige dielectric coatingvaseffectively transparent
in this frequency range. This result makes coupling easier as the dieadtreewirevasdifficult

tore moveaccurately

In summary, the open waveguide performs better than the closed waveguide. The reflections in
the open waveguide were smaller than in the closed waveguide. Positioning the wire along the
open waveguidéad lttle influence compared tthe closd waveguide, as the open waveguide
had no interference effects. The open waveguide was ultimately used to feed powgatolthe

antenna in initial tests
3.6 Design mrameters

The circuit board geometry initially availebwas & ABT18 printed circuit boardThis was a
boardwith a dielectric constant of 3(8e. refractive inde>of 1.812. The loss tangent (0.0&hd

the dielectric constant were both characterised in earlier experiments using the VNA facility at a
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frequency of 100 GHz. The dielectric thickness defineshibightof the substratbetween the
two copperplates andthis was0.8 mm (seeTable 3-8 for details). his valueshouldbe small
relative to wavelength for the assumptions i thavity analysiso be correct

In order to connect the patch to an input signal, a small hole will be drilled through the PCB from
the underside. The hole allows the wire to feed the patch and was then soldered to the patch. It
was estimated that the pitben of this hole could be drilled to an accuracy of 0.1 mm along both

the x-axis andy-axis relative to the patciithe wireneeded to be quite small, with a radius of 0.1

mm as the patch itself was of the order of 1 mm. Additionally, the wire had i@ plzatingradius

of 0.3mm.

Achieving reliable soldered connections while avoiding electrical contact to the ground plane was
difficult. The shape of the patch was also altered with the solder material being deposited on the

patch to achieveraelectrich connection.
3.7 Manufacture of prototype patch antennas

This section will detail the development of the patch antenna described earlier, including the
manufacturing procesgeeFigure 3-33), the measurement process and the res8kseral

prototypepatchantennasvere manufactureddimensions shown ifable 3-8).

The patchesvere etched onto the PCB atodeedpowe into the antenna, a small winesto be
connected to thpatchand connected to the modifl waveguide at the othend The radiated
field was then to be detected by the other VNA he&e. NA facility effectively actedoth as

a source and as a detector. The resuttiethen compared with the simulated parameters from
CST.

3.7.1 Manufacturing process

The patchewereetched ontahecircuit boad using photolithographiechniqguesnMa y noot h 6 s
Experimental Physics Depment Severaldifferent patchesf with sizeswere etched onto the

circuit board Then theantennasvere placed on a drill pres® drill the hole to feed the wire

though the substrate (SEgure 3-34for finished antenna).he edgsof the patch wremeasured
relativeto aneedleplaced in the drill head to get a reference measureifigistwas repeated five

times in order tdocate the hole position as accurately as possibmall drill bit was used to

make a B mmradius hole in the boar@he debris s removed from inside the hok small

wire with a Teflon coating was insertedarthis hole. The wire wasolderedo thepatchusing

of solderingpaste Very fine andpaper was used to remove any excess material fropattie

surface
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—

press

Antenna

b

Metal bar

Micrometer :

Figure 3-33: Configuration used to maradgture a hole through the patch antenftae stand contained
micromete screw gaugeshich were used to move the antenna and measupo#iigonfrom the edges

of the patch. Thenicromete screw gauge was used to move the beamliratelyThe antenna abneeded

to be held in place using a metal bar, as a high level of accwesrgquired to dil the hole in the correct
spot

A wire clipperwas used to cuaway excess parts of the wi@nly a small length of wirevas
requiredbetween 2.4nm Y 3 rBmlength If the wirewasany | onger , titoe wir
the modified waveguide and if the wiveasany shorter, the patch and wavegusignalw o n 6 t
bewell coupled.

Each patchwas created on the same boanding the same feed wirgpe The electrich
connectionsvere tested usingraultimeter Of theseverpatches etched on the circuit board, only
2 of the devices werelectrically isolatedsuccessfullyThe soldering and sandpapering process

alsoinherentlyaltered the shape of tfienctioningpatctes.
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Figure 3-34: Manufactured patclantennasThe patches on each antenna have been altered during the
manufacturing process. There remains a relatively large amount of soldering material on thevplaitines,
can6t be removed without severing the electrical

due to difficulty in cutting the size of the boards

Patchparameters Patchantenna8 | Patchantennat
Patch vidth 1.2 mm 1.2 mm
Patch &ngth 0.9 mm 1 mm
Board wdth 11.4 mm 8 mm
Board kength 12.6 mm 10.6 mm
Wire radius 0.125 mm 0.125 mm
Wire ooating radius 0.3 mm 0.3 mm
Wire Offset 0 mm 0 mm
Relative electrical permittivity of board 3.3 3.3
Dielectric hicknessof board 0.8 mm 0.8 mm

Table 3-8: Parameters of constructegctangulapatchantennas

- Antenna 3

Antenna 4

Figure 3-35. Photo of operatical antennas
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Figure 3-36: Modified WR10 waveguide used to feed a signal to the patch antenna

The modified WR10 waveguideRigure 3-36) wasused to fed a signal to the patch antenna.
This device was simulated in CST previouslyigure 3-30.

3.7.2 Testing process

The farfield patterns of the patemtennasvere measuredvith the Vector Network Analyser,
using a probe waveguide antenna as detector antenna for the signal received from tlibeatch
VNA was calibrated using thedOSM method (UnknownOffset, Short Match) detailed in
Section2.8 The 1, Si2, andS;; parametersvereof interest anavere recordedA diagram of the

experimental arrangement is showrFigure 3-37.

/;8$\

Modi fi Pat ch 1

Wavegui d

Por

Figure 3-37a: Experimental set up to measure farfield pattern of patch antemnobe and antenna were

seperated by 88 mm

Port1 was on a stand that was connected t&giscanning stages, which could move vertically
and horizontally. The stage was computer controlled and an automatic scan of the antenna could

be performed using a computer program. A waveguide probe was placed bnlnarimodified
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WR10waveguide was connesdl to port2. The patclantennasvere placed one at a time on the
WR10 waveguide. Thantennasvere rotated to the region were the maximum signal was detected
and the $arameters of the antenna were recorded when the device was in this podérger A

Sy signalwas detected along the horizontal direction of the delncether words,lieantennas

on the 0.8 mm board mostly radiate sideways.

Figure 3-37b: Set up of equipment to measure patch anterida (dew) The receiving porfright) was

on thescannemwhich could move along the horizontal and the vertical axes

For these measurementsex-axiswas the horizontal axis ageaxiswasthe vertical axislt was
only possible to alter the positionoaly thez-axis by movingthe detecting VNA headlhe

antenné Beld werescanned by the probaslisted in the following figure:

Horizontal axis Vertical ais
Antenna ésed Min (mm) Max (mm) Min (mm) Max (mm)
Patch atenna 3 -80 80 -80 80
Patch atenna 4 -80 80 -80 80

Table 3-9: Region scannewith the VNA equipment The distancdetween the antenna tieaveguide
probewas88 mm. The displacement along the horizontal ax&s given byQ and the displeement along

the vertical axis was given I as the vertical axim the lab waslipped.

3.7.3 Results

The antennasvereconnected to port 2, gbe S, parametewvasmeasured in order to find the
reflections caused by the antepmdaich areshown inFigure 3-38. Port 1wasthe detector port

andthe S; parametewasthe reflection caused by the aitar waveguide probe.
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Behaviour of devices under test (S,,)
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Figure 3-38 Measured & parametefreturn los) of the two patclantennas

Patch atenna 3showeda slightresonanstructure centred atround 8 GHzas see irFigure
3-38. Patch atenna 4showedno clearresonanstructure, ashe $; paramete(return losswas
below -10 dB for mos of the frequencies measurethere was a large difference observed
between the £ parameters of patch antenna 3 andHe large difference between these two
antennasvasunexpecte@nd may be result of the difficulty in manufacturing aneproducing

these devices accurately.

Measured Patten of Antenna 3 Measured Patten of Antenna 4

50 1
50

-40
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-60
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S0 F

50 o %0 0 o %0
Figure 3-39: S;1-parametersf patch antennd and 4measured from VNAplanar scan of output fieldt

100 GHz Each scan extends fro-80 mmto 80 mmalong both axe

Theplotsin Figure 3-39 contained the raw data observed from the VNBe values along each
axis give the physical displacement of the detector prolmeilimetres The signal from both
antennaswere quite wak and there did not appear to be a region where the beam was

concentrated
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Figure 3-40: Farfield plot along the horizontal axis (left) and vertical axis (right) for antenna 3, with

simulated results oveith

Figure 3-40 shows the normalized farfield pattern along the horizontal and vertical akéise
scan Thereis pooragreement between the simulation and measured resultdearly do not
agreewell. Thisis attributed tahe manufacturerocess altering the shape of the patches and feed
wire locations slightly (i.e. general repeatabilityas lower than desired)leading to
unreproducible result@\lso, the S, parameter of these designs was high, indicating that a lot of
powe was inherently reflected at the input side.

3.8 Conclusion

The design and development of a rectangular patch antenna at W band frequencies was described
in this chapter. Two different antenna designs were simulated in CST. These circular and
rectangular patcantennasvere designed to create an antenna with the largest directivity possible,
with minimal side lobethatminimised $:around 100 GE From the CST simulations, a number

of parameters were found that had a critical effect on the performancepatthantennasThe
displacement of the wire from the centretleé antennathe size of the patch and ttelectric
thicknessallhadadr ge ef fect on t he pavereficientywAddiionallg,i | i t y
the simulations showed that a sn@ihnge (of ~ 0.1 mm) in value of any one of these attributes
from their optimized values significantly al
board also effects the antennadés performanc
significant.

A closed WR10 waveguide and an open WR10 waveguide were examined to determine which
was betteto couplepower into a patch antenwia a wire suspended in the waveguitlee closed
waveguide suffered from large internal reflecti¢cmnstructiveand destructive interferenosith

reflected powein the waveguide, whictwvasunsuitable for feeding the anteniderefore, lhe

open waveguide was the preferable feeding method to use to transfer power to the patch antenna.

The crosstalk between identiggtchantennasvas examined to establish the minimal crosstalk
levels between the patches in the arrdjne Sparameters were used to quantify the crosstalk
between the ports of thentennasn the array In general,as the distance betwegratches
increased, crosstalklecreases as expected. It was found that the crosstalke direction

compared to anothelue to the asymmetry of theam from thentenna.
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The manufacture of the antenna was difficult due to the accuracy required. The accuracy required
to create a patch with the correct size and with a correct wire displacement could be achieved by
using conventional lab equipment. However, the substrate thickness of the available ABT18 board
was 0.8 mm, which was too large fofiac | a s s i ¢ a Inato lpe areatelintemmasb@ltn

with this board had &eam which radiatethore horizontally along the dielectric rather than in

the vertical direction adesired A board with a smaller substrate height was required in order to
create a patch antenna wihtimum performance in W bant.the dielectric thickness of the
board could be reduced tantennasodldbmaoreatedtdoparatefatc | a s
100 GHz. In this ideal case, the circular patch antenna had a loveetisodirectivity tharthe
rectangular patch antennadditionally, the $: parameter of the circular patch was larger than

that of the rectangular patch. As the rectangular antenna performed better, all futureesark us

rectangular antenna design.

Several rectangular pat@mtennaswere constructed using th&BT18 board. The number of
differentissues were encountered with the manufacture of this bbaedfarfield pattern of the
antenna did not show a region with a significant main lobe, so the beam did not appear to be
radating well. The simulation and the measured results do not agree, which could be due to the
construction process altering the shape of the patches and the reproducibility of the process.
Drilling a hole in the patch itself was also very destructive tigrifgcant area of the patch. At

more traditionalower frequenciesa drilled hole would be small (as the patch size is larger) and

so would have a smaller effect.

Manufacturingthe prototypepatches for W Band was very difficuttue to the level of accacy
required,and consistent results could not be achieyddnetheless the ability to couple power
from a short wire and feed a Wand signal to a planar antenna was achieved and a weak
transmitted signalvas measuredyhich was the first W band planantanna measurements
carried out by the research gro@pearly if a more accurate manufacture and assembly technique
must be developed for better repeatabilitythe next chaptethe development of using coaxial
cable connections to couple signal tonalastructures based on the difficulty in coupling signal

via a wire in a WR10 waveguidg outlined
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Chapter 4 Sidefed patch antenna

4.1 Overview

This chapter contains the design and developmesitiefed W band patclantennaga diagram
is presented ifrigure 4-1). Thesepatchantennasvere fed a signalvia a migostrip line (this
connection waalso referred to as a planar wawnigg). This planar metal strip wahen coupled
via a standard mmcoaxial connectiofrom a waveguiddo-coaxial adaptor, which was coupled
from the VNA.The work presenteshowsthe various development stages in designimeggewW
band planaantennas

A board with a thin dielectric thickness relative to the W band wavelengths was required in order
to create gatch antenna efficiently radiating at 100 GBn having difficulty with the 0.8 mm

thick circuit board for quality beam patterns, the initial patch designs outlin@aiipter 3, two
different dielectric boards were sourced. One board with a dieldfiziness of 0.4nm and a

second with a dielectric thickness of 0.125 mBresourced externally.

This alternative coupling mechanism sveested in order to produce a practical device, which
would have a low $arameter(of less than10 dB) and reasonabldirectivity greater than
roughly 5 dBi.Drilling into the dielectricas outlined inChapter 3, was mechanically difficult
anddestructive andbetter coupling solution was requirddis was achieved by using the 1 mm

coaxial connector and microstrig shown in the following figure

Microstrip

Substrate

Ground Plate

Figure 4-1: Perspective view of theidefed patch antennaesignas modelled in CSTMetallic partsare

shown in grey and diedéric partsareshown in yellow

4.2 Equipment

The first PCB board described hérada dielectricthickness of 0.4nm, a dielectric constant of

4 and arefractive indexof 2. It also had a copper coating on both sidethiwkness 0.07m
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covered with photoresist. The photolithographic techniqses earliecould againbe used for
any antenna constructed on this board.

A second PCB with dielectric height of 0.125 mmvas also sourcedhis a very specialist board

and the thickness being so smalljgivalent thickness to papenpkes processingewy difficult.

Also, as this PCB did not have a layer of photosensitive material, the photolithographic techniques
used on the other boards could not be used with this PCB. The alternative technique of milling

the patch shape was required.

There were two idtinct coaxial connectors used during the testirmggss. The first deviosas

a 1 mm coaxial connector with clamp (showifrigure 4-2. The second mm coaxial connector

a flange launchefillustrated inFigure 4-3), was produced b¥awashima Manufacturing Co.

Ltd. Both these devices were used for a similar role: to connect the ambégroatripto the
coaxialcablel mm connectors are very expetobeused ( ci
multiple times with degradation of the connections over tiee to budget constraintenly

theseconnectorsvereavailable at the time.

Figure 4-2: 1 mm coaxial connector andaenp usedd supportinsetpatch antenna and connéicto the
coaxial cable The antenna was slotted onto the-fefhd side of the connector and held in place by the
clamp. The coaxial core wirgassoldered to the antenna, in order connect to thienlcoaxial conactor
line. This core wiravassmall enough to fiinside the Imm connector and had a diameter of 0.1 mhe
back (righthand side) of the clamp waonnected to a SX2 coaxial cable

The PCB waslampedn the gap between the two screws and these sareuwld be tightened to

hold theantennan place. The gap between these screws was 6 mm, which places a limitation on
the size of board that calibe mounted. Alsathe metal structure of this 1 mm connector is
mechanicallylarge compared to the patcbo this alsoinfluences the radiation patterrMore

details of the experimental arrangement are giveeation 4.5.
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SPECIFICATIONS:
Electrical:
Frequency Range DC-110 GHz
Return Loss Better than 15dB (*)
Insertion Loss <0.7dB (*)
Electrical Length 11.1 mm [Nominal]
Temperature Range 5510 +125Deg.C
Mechanical:
Body and Outer Conductors:
-Gold Plated Stainless steel
Inner Conductors:
-Gold Plated Beryllium Copper and Brass
Coupling Torgue 45 N-cm(Nominal)

Connect/Disconnect Life >500 Cycles [Predicted]

Figure 4-3a: KPC100F311 langewith specificdions. Credit[50]. The small core wirgvassolder to the
antenna and the antenmas slotted into the front (flat side) of the flange. The back of the flange was
twisted onto the coaxial cable

The second connector usedsnsaKPC100F311flange launcheillustrated inFigure 4-3. This
devicedid not have an associated clamp, which means that the antennzealzanicallyfreeto
rotate whileconnected electricallp the connectorHowever, the absencd a clampmeans that
mechanicallythe PCB board was not limitéa sizeby the clamp.
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Figure 4-3b: Specifications oKPC100F31%langelaunche[50], with photo ofthe devicgright).

Both of these evices are connected onto a coaxial cablegse&on2.7.3 to feed W band signal.
A SX-12 coaxial cablevas used extensively during the testing of thestennasand hadthe
specificationglescribed irFigure 4-4.
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Imoedance Outer conductor| Inner conductor| Insulator Insulator Lenath
P diameter diameter diameter| dielectric constan 9
50q 1.194mm 0.287mm 0.94mm 21 250 mm

Table 4-1: Properties of SXL2 coaxial cald.

Figure 4-4: Photo of SX12 coaxial cable used fo¥ bandapplications in this thesis

The coaxial cable was in turn connected onto a WR10 wavetuitsaxial connectofsee
Figure 4-5). Unfortunately, the SX.2 cable was needed as the 1 mm coaxial connectors and the
waveguideto-coaxial adaptor could not be connected as they both had female connection
geometries.

Figure 4-5: Waveguideto-coaxialconnector (left) and HBend waveguide (rightRectangular waveguides

were explained isection2.7.1

One issugthat was known before measuremavas the difficulty of VNA calibratioawith the

coaxial connections, as the coaxial cable lengths could not be calibrated without a calibration kit
This was not availableluring measurement andvitould haveallowed the losses and returned

power to be characterised up to the end of the coaxiallisiag the waveguide calibration, the
waveguideto-coaxial adaptor, the SX2 coaxial length and the 1 mm coaxial connections in the
calibration could not be included. These objects were a source of loss and return power in the
measurements described fatd 1 mm coaxial calibratiokits costapproximatelyi 25, 000 an
this was a prohibitive cosAs a result, the effects of the coaxial cable and connection from the
device under testannot be completely removed brief test was performed using the apparatus

in order to estimate the effect of the connedion the final results.
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4.3 Coaxial short test

Due to the noravailability of a W band Inm coaxialcalibration kit losses in theoaxial length

were investigatedy connecting a short to the end of the 1 mm coaxial connector and then
measuring how much powesas returnedlhe short consists of a small cut of the 0.125 mm PCB
constructed to fit into th& mm coaxial connectawith clamp and awvire soldered to the short
(seeFigure 4-6). This section of PCB was firstlgimulated inCST to check that this device
behaved like a shorfThis simulation explicitly assumes that the coaxiable was perfectly

losslessas only the short in this simulatiaras tested

Figure 4-6a: Imageof PCB shortsimulatedirom CST.

S-Parameters [Magnitude in dB]

75 80 85 90 95 100 105 110
Frequency / GHz

Figure 4-6b: Return loss of PCB short connected to 1 mm coaxial connector.

The high & parameter inFigure 4-6b indicates tht most power sent though the coaxial
connector will be reflected back into the port. The small cut of PCB did not behave as perfect

short, but it had very high levels of return loss.
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Figure 4-7a: Diagram of set up from VNA on left and close up of shert on right

Coaxial short test

75 80 83 a0 93 100 103 110

-40

Frequency (GHz)

Figure 4-7b: Results from VNA using thehort with theclamp and Inm coaxial connector

In the physical test set ufhe short was connected to the 1 mm coaxial connector, which was
conneckd to the coaxial cable atite S; parameter was measured over the W bahd.results

from the VNA measuremergFigure 4-7b) showedthat the short waeflecting alower amount

of powerthan the p dB expected from a lossless coaxial cable simulafiogure 4-6b). The

short was reflecting about0 dB of power on average over the W band regi@anensure that

the 1 mm connector was not the issue, the test was repeated wahaottheconnected to a
KPC100F31Xconrector, as shown ifrigure 4-8.
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Figure 4-8a: Short connected to other KPC100F3tEhge launcher

Coaxial short test with KPC100F311
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0

-10

(dB) =0

Frequency (GHz)

Figure 4-8b: Results from VNA using theshort andhe KPC100F31ilconnector

The return losss:: measured for the 1 mm coaxial connector and the flange laufiibere
4-8b andFigure 4-6b) showed similar resultsvhen each was connected to the coaxial length
Bothshowedanaverages:: parameter oapproximately10dB and both shoedsimilar variation
with frequencyThese tests show that tlissesverenot caused by the connectas both grghs
are the same. The loss mustdaeised by either the coaxial cable or by the €oaxaveguide
connectormismatch However, wihout a calibration kit, it was not possible to specify which
devicewastheactual source of these losses.

4.4 Rectangular fed path antenna

The patch could either have a rectangular or a circular shipaectangular patch wahosen
for the reasons explained @hapter 3. The dielectric of the PCBeededo bethin relative to
the wavelengthThe thinnest board sourced commetgialas 0.125 mm and the CST simulations
were run with this dielectrithicknessAdditionally, the microstrip needei be at least @5 mm
wide in to physically connect the microstrip to the wafethe connector witlgood electrical
contact.
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As wasdiscussedn Chapter 3theantennahould work best on thteinner0.12 mm board but
practically it is extremely thin and etching the patch shape would be difficultid work well,

then the design could beaded up to the easier to manufacture oh i board.Ilt was also
expected that the location of the microstrip feeding the patch relative to the centre of the patch
woul d affect the beamds characteristifche and
microstrip from the centre of the patchintha xi s was r ef esrhriefdt ot.o ldas

expected that an offset along thaxis (xshift) will have the same effect.

Figure 4-9: Dimensions okidefedr e ct angul ar patch antenna, showing
position along they-a x i ss h(i fiffyte ength and widtkverethe length of the component in tkandy

direction respectively.

The main problenfiound when testing this digs was the position of the feed relative to the patch,

shown as 3shift in Figure 4-9. The position of the connection betweilne microstrip and the

patch wa changed from the centre of the patgistfift =0 mm) to one edge of the patcir-$hift

=0.45 mm). Altering thepositionof thepatch relative to the microstrghanges the.gparameter

recorded as shown in the following figures.

S-Parameters [Magnitude in dB]

1 — 51,1 (yshift=0)
— 51,1 (yshift=0.15)
—— 51,1 {yshift=0.3)

(dB) -5 +
=20 4

225 4

230 4

-35 + + t t t t
75 80 85 0 95 100 105 110
Frequency / GHz

Figure 4-10a: S;; parameteas the position of the microstripefchanges long thg-axis (y-shift).
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8

Directivity,Phi=0.0_100

4.5 Inset patch antenna

6

4]
Directivity
(dB) 24

Directivity,Fh...(yshift=0)
Directivity Ph...(yshift=0.15)
Directivity Ph...(yshift=0.3)

-90

-60 -45

-15 0 15 30

Theta / Degree

45 60 75 S0

Figure 4-10b: Farfield pattern othe differentantennalesignsat 10 GHz

Figure 4-10a show that alteringthe position of the patch slightly, alters thg garameter quite

dramatically A large reduction of Swas preserdta frequency 003 GHz at 0.15 mm and the
S-parameter only falls belowlO dB at 0.15 mroffset(Figure 4-10b). Additionally, the farfield

pattern of the antenna showttat the antenna only radiates in the correct direction whey the

shift parameter wa0 mm and altering the microstrip posittladmade the device perforworse

y-shift Mggg‘;:gtzl Directivity along Problem with device

0Omm -2.6dB 7.3dBi Minimum S1 was too small
0.15mm -30.3dB -4.1dBi Directivity of z-axiswas too small
0.3mm -5dB -9.5dBi Si1 and drectivity too small
0.45mm -3.2dB -9.4dBi Si1 and drectivity of z-axistoo small

Table 4-2: Summary of resultand collection of problems with each device examined

The position of the microstripatch connectiohada strong impact on &performanceof the
antennaFurther investigation of this desigrmassuspended in order to invesitg theinsetfed
patch design detailed in the following sectidrhis design hadhe potentialto improve the

couplingand reduce th8&;; values.
4.5 Inset patch antenna

Following on the patch antenna design outlipegliously the design of an insert patch antenna
is now describedThese insetshould reduce the,§parameter and should improve the coupling
between the feeding signiate and the antennlay matching the impedance of the feedline and
antenna more closelyhe antenna desigd in this partwasbest described assidefed inset

rectangulapatch antennar insetantenna foshort

This design wasdsed roughly on the inset patch antenna desgrin (M. A. Matin and A. I.
Sayeed]51]. The design described in this papada detailed inset cut on the patch, whizds

too small to accurately manufactaeW band frequencies house.
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Figure 4-11: Diagram of inset patch antenna taken figmA. Matin and A. |. Sayeefb1].

Operating frequency,in GHz 10
Dielectric constant Jess 2.2
Length of the patch,,i n & m 9064

Width of the @tch Wi n & m 11895
Position of inset feed poind,i n & m| 3126

Width of the microstrip feed linévi n €| 2150
Table 4-3: Table of parameter used to create the inset patch antenna which operated atrd@GOHZA.

Matin and A. |. Sayeefb1].

To replicate this design, the insetsreslanted in order to ease manufactimierances (see the
slants introduced in the patchkigure 4-12).

Inset width Board length

oard widt

x

Figure 4-12. Diagram ofinsetpatch atenna The inset widthwasthe distance from the edge of the

microstrip to the end of the patch. Anglasthe angle of inclination of the inset
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An inset patch antenna walesigned on thednmm PCB (sedrigure 4-12). This PCB had a
dielectric thickness between 10% and 15% of W band wavelengths. This board may be thin
enough to operatgell in this range. Initiadnalysis begaim orderto create an inset patchtanna

that operatesptimally at 100 GHz.The antenna need to be coupled to thel mm coaxial
connector As this device has an associated clamp, it places an luppgen the board size.

4.5.1 Simulations ofinsetpatch antenra

The microstrip width wa set to 0.5nm and the microstrip length waet to 2nm. The patch
width was set to Inm andthe patch lengthvasset to 0.7mm, based on the resulfsom the
previously designed pett antennasThe size of the board was also egfed to have some effect
onthe performance of thentennasThe dielectric thickneswas set t@.4 mmin the simulation
basedon the reahvailablePCB. The mtch length (along the-axis) wa examined first, as the
patch sizéhada large effect on theesonanfrequency of a patch antenide length of the patch
was increased from4. IYmm in steps of 0.inm, in order to determine the accuracy redliire

to manufacturéhis device.

Board Board Patch Microstrip
Patch &ngth length width width width Inset length  Angle
04 Ymm 4 mm 5 mm 1 mm 0.2 mm 0.2 mm 35°

Table 4-4: Initial parameters of inset patch antenna

S-Parameters [Magnitude in dB]

— 51,1 (patch_I=0.4)
—— S1,1 (patch_I=0.5)
—— 51,1 (patch_I=0.6)

§1,1 (patch_|=0.8)

$1,1 (patch_=0.9)
| —— s1,1 (patch_I=1)

Su -0
(dB) =1

85 86 88 90 92 94 % 98 100 102 104 105
Frequency / GHz

Figure 4-13a: S;; parameter ofintenna®f various patch lengthetweerB5 GHz Y 105 GHz

015811 VS Patgb length

0.4 0.8 0.9 1
0
-5
Spat
100 GHz
(dB) -15
-20

Patch length (mm)

Figure 4-13b: S;1 parameter at00 GHzfor each antenna patch length
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Directivity, Phi=0.0_100

Directivity,Ph...(patch_l=0.4)
—— Directivity,Ph...(patch_I=0.5)
—— Directivity,Ph...(patch_|=0.6)
= —— Directivity,Ph...(patd 0.7)
Directivity,Ph...(patch

1=0.9)

- Directivity,Ph...(patch_I=0.9)
Directivity -10 1--- Directivity,Ph...(patch_l=1)
(dB)

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-13c: Comparison ofdrfield patternsof antenna®f various patch lengthat 100GHz along theli

= 0° axis

Directivity,Phi=90.0_100

—— Directivity,Ph...(patch_l=0.4)
Directivity,Ph...(patch_I=0.5)
Directivity,Ph...(patch_I=0.6)
— Directivity,Ph...(patch_I=0.7)

-0.9)

—_— D\rect\‘.-‘n:\.,f,Ph‘..(patch
Directivity,Ph...(patch_l=0.9)
Directivity Directivity,Ph...(patch_l=1)
(dB)

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-13d: Comparison of farfielghatternsof antennasvith various patch length 400 GHzalong the
(i = 90° axis (i.e. orthogonal teigure 4-13c).
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Figure 4-13e: 3-D farfield patternfor patchantenna witta patch length of Inm, seen from front (left) and
side (right)

Figure 4-13a andFigure 4-13b indicates that an antenna with a patch lerajthpproximately
0.6 mm should beresonanat 100 GHz. The farfield pattern&ifure 4-13c andFigure 4-13d)
show that the antenna wa®st sensitive at an andtem the verticalwhich was not idealAlong
the (i = 0° axis, thisoffsetwas roughly 20°to thevertical, while along thé&i = 90° axis, tle

directivity had2 peaks along either side of tbentre

Ideally, themaximum diectivity should be located at.OPhe3-D farfield pattern Figure 4-13¢)

showedhe pealdirectivity did not line up with thevertical and this wa also true foantennasf
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different patch sizel'he strongest section of the beam did not radiate alormgetkis, but instead
radiates at some undesired angle to the vertical.

Thepatch size wanot causing the beam to radiatan angle. Some other attribigef the device,

such as the dielectric thickness or the microstripwaesthought tobe responsible.
The effect on the microstrip on tlatennagperformance waslsoexamined. The microstrip
width was increasetb 0.4mm. The previous test was repeated as the length of the patch was

increased from @.Y  fnm in steps of 0.inm.

Board Board Patch Microstrip ,
Patch &ngth length width width width Insetwidth  Angle
04 ¥Ymm 4 mm 5 mm 1 mm 0.4mm 0.2 mm 35°

Table 4-5: Parameters used examine line of micrgtrip on inset antenna

S-Parameters [Magnitude in dB]

—— S1,1 (patch_I=0.4)
—— 51,1 (patch_I=0.5)
—— 51,1 (patch_I=0.6)

—— 51,1 (patch_I=0.8)
S1,1 (patch_|=0.9)
—— 51,1 (patch_I=1)

-30

85 86 88 90 92 94 96 98 100 102 104 105
Frequency / GHz

Figure 4-14a: Sy parameter ofintenna®f various patch lengthetweer85 GHzY 105 GHz

Directivity,Phi=90.0_100

—— Directivity,Ph...(patch_l=0.4)
Directivity,Ph...(patch_I=0.5)
Directivity,Ph...(patch_l=0.6)

—— Directivity,Ph...(patch_|=0.8)
Directivity,Ph...(patch_|
Directivity,Ph...(patch_l=1)

=0.9)

Directivity 0 4ol
(dB)

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-14b: Farfield patterns ofntenna®f various patch length at 100 GKiz = 90° axi3.

The S; parameter of the antenmaasvery low, reaching a value e18.6 dB at 100 GHz for a
patch with a length of 0.6 mnirigure 4-14a). Howeverthe maximum diectivity for the patch
of length 0.6 mm waonly 3.8 dB(Figure 4-14b). Similarly, toFigure 4-13d, the different patch
sizes all show a beam that radiates in two direstidhe farfieldpatterns show that the antenna
still possessdtwo peaks either side of the eaxis direction. Changing the microstrip widttd

not affectt h e At i htenma meximurh directioaality.
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The device did not operate optimallyat100@Hz e t o t he fAt i |Theantenha t he
was unsuited to operate at higher end W band frequencies (roughly 10a&Happeared that
a100 GHzantenna requires a thinner dielectric, which was be examirtagtiion 4.6.

As part of these simulationhefarfield patterns at 8&Hz was also recordexhd analysed. The
farfield pattern generated at this frequen@s generally more directivas thefollowing figures

showed

Directivity, Phi=0.0_85

—— Directivity,Ph...(patch_|=0.4)
Directivity,Ph...(patch_|=0.5)
—— Directivity,Ph...(patch_l=0.6)

Directivity,Ph...(patch_|=0.8)
—— Directivity,Ph...(patch_l=0.9)

i ity 2 4
Directivity Directivity,Ph...(patch_I=1)

(dB) o

-80 -60 40 -20 0 20 40 60 80
Theta / Degree

Figure 4-14c: Farfield patterns ointenna®f various patch length 8 GHz((i = 0° axi9.

Directivity,Phi=90.0_85

Directivity,Ph...(patch_I=0.4)
—— Directivity,Ph...(patch_I=0.5)
Directivity,Ph...(patch_I=0.6)

44 Directivity,Ph...(patch_I=0.8)
Directivity,Ph...(patch_I=0.9)
Directivity Directivity,Ph...(patch_I=1)
(dB)
0+
24
4

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-14d: Farfield patterns afintenna®f various patch length & GHz (i = 90° axi$.

Figure 4-14c shows that the maximum directivity at 85 GHz was 9 dBi, with a patch length of

0.9 mm However, the maximum directivity of the beam was still at a tilt of about 20° along the

4 = 0° axis.

The antennabuild on this boardvasredesigned to operatat the lower end of the Wbandas

Figure 4-14d showed promising resultédditionaly, the twepeak structure evident at the 100

GHz farfield pattern had disappearéde fllowing analysiswas an attempt tdevelopan

antenna to resonate &8 GHz i.e a lowW band frequencyange within our experimental
capability

The frequency rangexaminglinCST was changed theprevidus téstvéa§ GHz
repeatedRigure 4-13) as thdength of the patch was increased frommmY 1 mm in steps of

0.1mm.Each antenna design was compdrasedn its abilityto radiate specifically at 80 GHz.
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4.5 Inset patch antenna

Board Board Patch Microstrip :
Patch &ngth length width width width Inset wdth ~ Angle
04 ¥Ymm 4 mm 5 mm 1 mm 0.5 mm 0.2 mm 45°
Table 4-6: Table of parameterfer inset @tch antenna operating at 80 GHz
S,; vs Patch length
0.5 0.6 0.7 0.8 0.9 1 11 1.2
0
-1
-2
Spat
80 GHz -4
dB) °
-6
-7

Patch length (mm)

Figure 4-15a: S;; parameteiat 80 GHz as patch length changes

Directivity, Phi=0.0_80

Directivity,Ph...(patch_|=0.5)
817 Directivity,Ph...(patch_l=0.6)
64 Directivity,Ph...(patch_I=0.7)
47 Directivity,Ph...(patch_|=0.9)
Directivity 2+ Directivity,Ph...(patch_=1)
Directivity,Ph...(patch_l=1.1)
(@) 07

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-15b: Farfield pattern of antenna with change in pdécigth

The S: parameters of the antenna seen in the grajgluile 4-15a) wereworse than those from
the antenna operating H10 GHz(Figure 4-13a). The minimum &, paraneter for thesantennas
was found fopatch length of @ mm The S: parameter at@GHzfor this antennavas-6.1dB,
whichwasequivalent to only about ~75% of the power being radiddegever, no patch length
produced a § parameter below the desirel0 dB.

The maximum directivitypbtained forthis antennalesignwas for tte patch with a length of 0.8
mmwhich had a directivity 08.7 dB The peak of the farfield patterRigure 4-15b) was still at
an angleof about 20° from the vertical.he inset patch antenna appears to behawelike a
traditional rectangular patch antenna at 80 GHz, as increasing the patch length decreases the
resonantfrequency. Unlike previous devices,hé directivity of the devicedid not alter
significantly with changing patch length.

ef fect.Theboad h e

width (along they-axis) and the board length (along #i@xis)werevariedbetweerb Y 10 mm.

The size of the board was alteted e x ami ne t he al
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The patch wa always located at the centre of the board. Varying the length of the board also
alters thdength of the microstrip feed:he patch lengtvasset t00.8 mm basedon the graph
(Figure 4-153). The other parametergerekeptthe same am Table 4-6.

Directivity,Phi=0.0_80

Directivity...(board_width=5)
—— Directivity...(board_width=6)
Directivity...(board_width=7)

Directivity.
Directivity.

1 oard_width=10)
Directivity
(dB)

-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-16a: Farfield pattern due to altering the board wi@ithdth along they-axis).

Directivity,Phi=0.0_80

Directivit...(board_Length=4)

Directivit...(board_Length=10)

Directivity
(dB) |

-80 60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-16b: Farfield pattern due to altering the boédgth (length along the-axis).

Changing the width of the boa(Bigure 4-16a) hadonly a small effect on the farfield pattern of
the antennal he antenna still radiated at a slight angkeseen befonith the antenna operating
at 100 GHZzFigure 4-15). The directivity decreased from a maximumgof dBi with a board
width of 5mm, to a directivity of7.7 dBi with a boardwidth of 20 mm.

Changing the lengtbf the boardFigure 4-16b) had alarge effect on the farfield patterof the
antennaHowever, there didnét apizearamaxinuonditecvitta t r er
sothe larger boards were not necessarily worse than the smaller bidaisdsffect may be due

to powerradiatingfrom the microstrip feed othe substrateThe width of the board had

relativelysmall effect on the 3 parameter antarfield pattern.

Theinseton the patch antenna could ailstiuencethe farfield pattern of the antenrighe angle
between the patch and the microstrip was altered 80° to5° in steps of 5{seeFigure 4-12
for diagram of atenna) The farfield pattern and tha:$arameter was recad as the anglwas

altered.
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Directivity, Phi=0.0_80

Directivity, Phi=0...(angle=50)
Directivity, Phi=0...(angle=40)
Directivity, Phi=0...(angle=30)

Directivity, Phi=0...(angle=10)
04
Directivity

@) |

10

-14 + + t + t + t
-80 -60 -40 -20 0 20 40 60 80
Theta / Degree

Figure 4-17a: Farfield plot of each antenngith a different patch to microstrip angle

S-Parameters [Magnitude in dB]

—— 51,1 (angle=50)
—— 51,1 (angle=45)
—— 51,1 (angle=40)

51,1 (angle=30)

S1,1 (angle=25)
—— 51,1 (angle=20)
—— 51,1 (angle=15)
$1,1 (angle=10)
—— 51,1 (angle=5)

-7
(@8) 7.

75 80 85 90 95 100
Frequency / GHz

Figure 4-17b: S1; plot of each antenna as the angle of the idsehges

The change in angliid not alter the farfieldhapgFigure 4-17a). The S plot showed a gradual
increase of theigparameter as the angle decreasesxpectedrhe amount of power the device
returns to the port tends to increase as the angle of the inset dedraases417b). Theinses
needed to be at a steep angle ireotd accept power from the microsteifficiently. Additionally,
the antennavasnot resonating ahe desire®0 GHz, but rather between 986 GHz

A 1 mm coaxial connector with a clamp waedto feed an input signal, but it was also a large

metal strgture relative to the patch antenna. An image of this clasipown inFigure 4-2. The

size of the clampds jaws could not be adj us
board along thg-axis. The effectsofthectap on t he antennabs perfor
CST.

Description Value Description Value
Angle of cut of inset 25° Length of microstripX-axis) 4 mm
Length of boardx-axis) 9 mm Width of microstrip y-axis) 0.5 mm
Width of board y-axis) 7 mm Length of patch x-axis) 1 mm
Thickness of ground plate | 0.035 mm Width of patch y-axis) 1 mm
Width of inset {-axis) 0.5 mm Dielectric hickness 0.4 mm

Table 4-7: Parameters used to credtsetpatch antennaonnected tohe clamp
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=

Figure 4-18a: Insetpatch antenna with clamp attached as viewed from top (left) and front (fidjis)

simulation assumes that theresmdeal connection between the microstrip #redlmm coaxial connector

S-Parameters [Magnitude in dB]
-10 - -

-15 4

Spg 20 o T

(dB)
,25 4
34
75 76 77 78 79 80 81 82 83 84 85

Frequency / GHz

Figure 4-18b: S;1 parameter oinsetpatch antenna witthe clampbetween 75 and 85 GHz.

Farfield Directivity Abs (Phi=90)
10

farfield (F=80) [1]

Directivity s |
(dB)

10 4

Frequency = 80
Main lobe magnitude =  6.83 dBi
Main lobe direction = 0.0 deg.

80 60 40 20 0 20 40 50 80 Angular width (3 dB) = ©5.2 deg.
Side lobe level = 7.5 dB

-15

Theta [/ Degree

Figure 4-18c: Cross sectionf the farfield p&ern of the antenna along tlie= 90° axis at 8 GHz
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Farfield Directivity Abs (Phi=0)

farfield (f=80) [1]

Directivity
(dB)

Frequency = 80

Main lobe magnitude =  9.07 dBi

Main lobe direction = 11.0 deg.

80 60 40 20 0 20 40 60 80 Angular width (3 dB) = 24.1 deg.
Theta / Degree Side lobe level = -3.7 dB

Figure 4-18d: Cross sectioof the farfield pattern of the antenna along @he 0° axis at 8 GHz

Figure 4-18b showsthat the antenna was afficient radiator as the;Sparameter of the antenna
was quite low and it stayed belowO dB for the entire frequency rangéhe antenna was an
efficient radiator as the;gparameter of the antenna was quite low and it stayed b&@®dB for

the entie frequency range.

Figure 4-18c andFigure 4-18d shows the cross sectionf the farfield along two perpendicular
axesWhen these two cuts were comparée, ¢ut along thé = 90° axis Figure 4-18¢) showed

an deal beam patteriThe beam had low side lobes and a relatively large maximum directivity
along this axisHowever, thecut of the farfield pattern along thie= 0° axis(Figure 4-18d)
showedthat the beam vgradiating at a slight angle to thertical The directivity of the beam

peaks at 9.0@B at about 10° from the centiEhis slight angular tilin the beam pattern \saot

ideal This design was none the less chosen for manufacture to investigate the processes involved

and to see if simulati@nand measurements could agree.
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Figure 4-18e: 3-D farfield pattern at @ GHzof the insetpatchantenna withthe clamp attached as viewed

from top (left) and front (right)

4.5.2 Manufacture of insetpatch antennaand design of connectingystem

Theinsetpatch antennm Figure 4-19was manufactured using the photolithograpaahhiques
described inSection 2.4. A wire was soldered onto the microstrip part of the antenna, which

allows the device to be connected to therh coaxial connectqgiseeFigure 4-20). The patch
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and nicrostrip feedline were etched on the PCB board which was cut down to 6 mm in length in
order to fit the board into the clamp.

Pat

Expos

di el e

Figure 4-19: Insetpatch antennanade from photolithography with higlesolution maskThe patch wa
thepaleorangesilver square at the center of tthevice. The bright silver part wahe wire whictconnects

the patch to the clamfpe. the coaxial core wire)

Two prototypesof this insetantenna werenanufacturedn orderto test the desigat W band
frequencies usinthe VNA. The detail orthe first inset patch antennasvémited due to the mask

used in the photolithographic procemsd was referred to dsi etld& After this device was
constructed, it was discovered tlahigher resolutiomaskcould be created by printing the mask
using a higher resolution printefhe second inset patch antennar e f er r eta waso as
created using thisigher resolution maskvhich allowedfor finer detail on the antenna.

Figure 4-20: Insetpatch antennéinset2)securedn the 1 mm coaxial connector withe clamp
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The antenna waattached to the clantpat holdst in place. A coaxialvavegude converter wa
connected to theNA. Unfortunatelyboth the clamp and the coaximbveguide converter have
male connectorsaand cannotbe simply connectetbgether A SX-12 coaxial cable waused to
connect the Inm coaxial connector to thmaxialwaveguideconverter Further details fothe
cableweredescribed inrable 4-1.

Pat c hn aa Co axwiaavle gu

Coaxi al conne conver\t\f
e ———————— B —— —— _d - ‘:
—— _ary
Y
o a xi al
285 mr
. >

Figure 4-21: Insetpatch antenna connected to feeding apparatus.entire lengthlwasrequired in order

to connect the Inm coaxal connector to theoaxialwaveguide converter.

4.5.3 Measurement of inset patch antenna

ThefinseR @ntenngseeFigure 4-20for photo of deviceyvas setup as shown in the following
figure (Figure 4-22). A coaxal cable and support structuveere usedin this measurement
(Figure 4-21). In order to examine thiarfield of the devicea WR10H-mode bendvaveguide
was used to orientatde support structureA detailed explanation of this equipmeistprovided
in Section4.2

The long length of coaxial cable used placed further restrictions on where the antenna could be
physicallyplaced. Additionally, the source port wasnaected to the VNA using short wires on

the frequency extension heads and so there were physical limits to where this port could be placed.
In this configurationthe probe was aligned with the front of timsetpatch antenna anithe

antenna wa 9 mmaway from the circular waveguide probe detector.
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Probe

./ |l nset

50 r
Por ) 3 Lol .
Coaxi a
A
Vertical
axis
> Por

Z-a X |

Figure 4-22: Sketch of experim&tal setupviewed from side Port 2 was connected through several
connectors to the antenna and was referredtoda he fAsource porto. A circula

on port 1 (referred to as the fAdetector porto),

The VNA was calibrated using the UOSM methsdeSection 2.8 for details on calibration)
Thefarfield patternof theinsetantenna ws scaned from-80 mmto 8 mmalong both axes.
The distance between the probe and the antenna was SDhafollowing figures Figure 4-23a

b and ¢) detail the results of this measurement.

Measured Farfield Pattern

50 +

S0+

£0 0 50

Figure 4-23a: Measured farfield pattern £8§ of antenna at 80 GHz.
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Behaviour of inset antenna (b

75 80 85 90 95 100 105 110
0
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Figure 4-23b: Sy» parameters of inset2 over tidé Band.

Sz21 {dB) ; Sz1 {dB)
2 X {mm L

N

Figure 4-23c: Comparison of the antenna along the horizontal (left) and vertical (right) axis

Figure 4-23a shows the maximum.Sdetected ws-38.7 dB.The bea of the antenna was
asymmetric and split into two distinct regions around the centre of the scanned Tegitheam
was not propagating along the correct directibime S, parameter was lowverallfor thisdevice
Figure 4-23b. Thehorizontalaxis cut Figure 4-23c left) showedthat the beam vw&b dB larger
off-axisthan oraxis The vertical axisRigure 4-23c right) showeda minmum value at the centre
which was 12 dB weaker than the offixis point.The large off axis measurementslicate that
the beam ws not aigned with the probe. These akis peaks reach a maximum at aroufid 2
mmfrom the centre. The distances involweére too large to be due to alignment issues, instead

the i ssue must be with the antennads radi
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MNormalzed Measured Farfield Pattern at S0GHz

50+

50+

50 0 50
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4.6: Thin dielectric inset patch antenna

Normalzed Simulated Farfield Pattern at S0GHz

50 0 50

Figure 4-24: Comparison of normalized measured farfigédt) to the normalized simulated faefd (right)

at 8 GHz

The main lobe of the beafshown inFigure 4-24) was located in a circle with a radius of roughly

20 mm centred at roughly at the positiet)(mm, 25 mm)The beam was radiating beam at som

angle to the desired axis of propagatibime problenwith this beanpattern wa that thelirection

of the main lobe of the beawss off-centreandthe centre beam wgasplit into a stronger main

beam above the centre and a weaker beam below the.cBeweral issueswere likely to

contribute to the discrepanéythe loss in the coaxial cable leading to mismatch and standing

waves between the antenna and feed and manufacture tolerances.

A new board with a dielectric thickness of BIfmwas sourced, whitshouldfacilitatedevices

to radiate at W band frequenciesore efficiently The following subsection details the

development of this device on this new board.

4.6 Thin dielectric insetpatch antenna

The ingt antenna desigiescribedreviously Section4.5) was reworked to operate on this new
thinnerboarcandwi | | be referred to as (sedrigured25hOne di el

major difference in the design of this antemas this longer microstrip that was addeddduce

the influence othe clamp portion of the coaxial connector on the antenna radiation pattern.

One concermboutthis 0.15 mmcommerciaboardwas that the board i dhawea photoresist

layer and thergvas no way of applying a photoresist layer with consistent thickness within the

Experimental PhysicsDepartment.

However,

the Electronic Engineeringep&tment

manufacturd the antenna by milling thpatch shape mechanicallgimulations performed in

CSTand then measurements of the dewsdescribed irthis subsection.
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Dielectric

Waveguide

Ground

Figure 4-25; Insetpatch antennan thin (0.1% mm) PCBas viewed in CST

4.6.1 Simulations ofthin dielectric side-fed patch antenna

A series of simulationsa/ere completed CST in order to determine thest parameters for a
patch antennaA series of simulations were performed in order to achieve a device with good

radiationcharacteristicas detailedn the following figures.

Parametrs Value Parameters Value
Angle ofinset 55° Microstrip length 11mm
Board kength 6 mm Microstrip width 0.3mm
Board wdth 13mm Patch éngth 0.9mm
Groundthickness 0.035mm Patch vidth 1.2mm
Insetlength 0.3mm Substrate &ight 0.125mm

Table 4-8: Parameters of the designed patch anteArdiagram of the patch as seen in GSEhown in
Figure 4-25.

Themicrostrip needetb be at least 0.8:1m wide in toallow goodcontactphysically to connect
the microstrip to the co#&d connectorThe microstrip lengthvasinitially set to 10 mm as from
the previous tests Wwasobserved that this lengteededo be significantly longer in order to
extend the atch location on the dieledt, so the patch antenna radiation patteasremoved as

much as possible from the influence of the surrounding clamp of the coaxial connector.

This patch was altered in order to optimtke device to operate 400 GHz.Figure 4-26a Y d

shows the behaviour of the antennaVdtbandfrequencies.
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S-Parameters [Magnitude in dB]
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Figure 4-26a: Expected & of thin dielectric patch antenna from simulation.
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Figure 4-26b: Expeded farfield pattern along =90° at 1M GHzfrom simulation
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Figure 4-26c: Expected farfield pattern alorig= 0° at 10 GHzfrom simulation

Figure 4-26a shows thathe resonant frequency of the antenna (frequency of minimum S
parameter) occur at roughly 99 GHz. The @arameter remains belowi0 dB from 97Y 101

GHz, which was a large enough bandwidth to test the performance in theRigike 4-26b

shows théarfield reached a maximum of 7.55 dBi at the centre of the main beam and has a typical
Gaussiadike pattern.

The expected farfield patterns along both{ie90* andl = 0° were shown ifrigure 4-26b and

Figure 4-26¢c respectfully. Along thei = 90° axis, the farfield had the desired characteristics.
However, along theli = 0° axis, the farfield pattern was broader with irregular shape. The

maximum directivity alondhis axis was larger (7.86 dBi) than along the orthogonal axis (7.55
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dBi). This indicates that the beam was not propagating exactly parallelz@xie The 3-D plot
(Figure 4-26d) more clearlyshowsthe orientationof the farfeld pattern.

Figure 4-26e: Normalizedfarfield patterrfrom CSTfor thethin didectric patch antenna at Q@Hz

Figure 4-26ds hows t hat the beam has t#é¢he patteanlonthee a k s
order of 2 dB in magnitude. The beam did not have ideal characteristics, but was broadly
propagating in the correct direction.

The expected farfield pattern was not ideal, bdtdtradiate in the correct directiomhis effect
was possibly dudo the influence ofthe microstripThe microstrip length was altered from 4 mm
Y 8 mm to see if the farfield was altered. It should be noted howevesithattionsignored

the effect of the clamp of the 1 mm coaxial connector.

Directivity,Phi=0.0_100

Directivity, Phi...(MicroS_l=4)
Directivity, Phi...(MicroS_l=6)
.| — Directivity,Phi...(MicroS_|=8)

Directivity
(dB)

-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 a0
Theta / Degree

Figure 4-27a: Effect on the farfield as the microstrip lehdlisted ase- E A @ lim3yraph)was altered.

S-Parameters [Magnitude in dB]

—— 51,1 (MicroS_I=4)
— 51,1 (MicroS_l=6)
—— 51,1 (MicroS_|=8)

75 80 85 90 95 100 105 110
Frequency / GHz

Figure 4-27b: Effect on S; parameter as the microstrip lenglistedase- E A @ lim3yraph) was altered.
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Figure 4-27c: 3-D farfield pattern ofintenna fed a signal viadamm longmicrostrip

As Figure 4-27a shows,whenthe microstripwas long, a series of peaks, i.e. a ripple pattern,
appeared in the farfield patteMhen the microstrip was smal € A @1 3 mm), the pattern

rises to a peak and then decreases. As the length becomes larger more peaks appear in the farfield
pattern.The return loss was almost unaffected by the change in the microstrips IEiggtte (

4-27b). Theantennasvith a smaller microstrip appear to perform betteshown for the antenna

fed with a 4 mm microstrip iRigure 4-27c. There was no ripple pattern obseahin this antenna.
However, the previous simulations have ignored the effect of the clmexlamp was attached

to the inset antena of different microstrip lengths in order to determine the clamps influence.

z

& %"’

x

z

= %:Y

Figure 4-28a: Inset antenna and clamp with a 4 mm (left) and a 11(night) long microstrip

Farfield Directivity Abs (Phi=0)

— 11 mm microstrip

—— 4 mm microstrip

Directivity
(dB)

Theta / Degree

Figure 4-28b: Comparisorof the farfield pattertetween two antensavith different microstrip lengths,

whentheinfluence of theclampis included
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S-Parameters [Magnitude in dB]
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Figure 4-28c: Comparison of § parameter between two antennas with different microstrip lengths, when

the influence of the clamp is included.

Figure 4-28b shows that the antenna with a shorter microstrip did not radisigisnThe antenna

with a long microstrip contained a series of ripples, but was preferred as the beam radiates on
axis.An antenna with a shorter microstrip wad performbetterbut, due to the clamp presens it
performance decrease@ihe different microstrip lengths had an only slight effect on the S

parameter of the antenfégure 4-28c.

The inset patchntenndthelong microstrip antennalescribed ifrigure 4-26 was manufactured.
The device was inserted into the 1 mm coaxial connector as shawigure 4-29. The tests
performedon this device ardetailed in thdollowing subsection.

4.6.2 Measurement of thin delectric patch antenna

The VNA was used to measure thp&ameters of the antenffdethin dielectric patch antenna

was set up as previousthownin Figure 4-22. Again, the antenna was 50 mm away from the
circular waveguide probe detector. Particular care needed to be taken when moving this antenna
as it easily bends out of shape as the dielectric sheet was $dithially paperthin.

Figure 4-29: Thin dielectric path antenna, connected to clamijine simulations of this device are shown
in Figure 4-26. The device was created using the milling technighieh waspeiformedby the Electronic

Engineering Bpartment in Maynooth University.
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The Sparameters of the thin dielectric patch antenna were measured in ther¥élfallowing
figures summaristhe behaviouof themanufacturedievice.

Measured & parameter from WA

50+

-60
60
70

80

0k

dB

e
Figure 4-30: Measuredarfield pattern of the thin dielectric antenna & BGHz retrieved from VNA scan.

The scan extends frorB0 mmto 80 mmalong both axes

Themaximum $; parameter of the thipatchshown inFigure 4-30was-37.8 dB. The measured
farfield radiates in the <correct dithe €Tt i on,
simulation(Figure 4-26e) was more noticeable in this rmsurementThe coaxial cable or the

clamp connection could be the source of the differamckthe lack of calibration of the coaxial

attachments remains an issue in discussing the agreement between measurement and. simulation

Normalizedmeasure,1 paraneter alonge-axis Normalizedmeasurec: parameter along-axis
S (dB) Sz1 (dB)
X (mm)
40 -40 -20 20

mm
-40 -20 20 207 (mm)

Figure 4-31: Comparison of the antenna along the horizontal (left) and vertical (right) axis

Thecrosssectionalong thex-axisfrom Figure 4-31 showsa directive beam, wittow side lobes.
However, thecrosssectionalong they-axisshoweda pattern thatvasskewed to theight with a
series of peaksThis ripple effectwasalsoobserved at other frequencies, whitle following
figures Figure 4-32a, b, candd) demonstrate.
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75GHz 80 GHz
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Figure 4-32a: Farfield pattern of thin dielectric antenna atGHz (left) and 80 GHz (right)
85 GHz 90 GHz
50 - 4 s0f o
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Figure 4-32b: Farfield patterrof thin dielectric antenna at 85 GHz (left) and@Hz (right)
95 GHz 100 GHz
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Figure 4-32c: Farfield patterrof thin dielectric antenna ab3%Hz (left) amd 100GHz (right)
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