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Abstract

The objective of the work of this thesis is to desifabricate, and characterise high
performance micromachined antennas with fixed @ednfigurable bandwidth. The
developed integrated antennas are suitable for MNim@&gration at millimetre wave
frequencies (G-band) on MMICs technology substrdies GaAs, Si, InP). This
work is done through a review of the scientifieddature on the subject, and the
design, simulation, fabrication and experimentatifiation, of various suitable

designs of antenna.

The novel design of the antennas in this work sedaon elevated antenna structures
in which the radiator is physically micromachindzbee the substrate. The antenna
design schemes offer a suitable method to integeateantenna with other
MMICs. Further, this method eliminates undesiretbsttate effects, which
degrades the antenna performance drastically. &gbis work we have for the
first time realized different micromachined antertopologies with different novel
feeding mechanisms - offering more degrees of freedor antenna design and
enhancing the antenna performance. Experimental sintilation results are
provided to demonstrate the effectiveness of thepgsed antenna designs and

topologies in this work.

A new approach for fabricating printed antennastioduced in this work to fulfil
the fabrication process requirements. It provideeew method for the fabrication
of 3-D multilevel structures with variable heightgithout etching the substrate.
Further, the height of the elevated structures lmarspecified in the process and
can vary by several microns, regardless of thetsatesused. This can be used to
further enhance the bandwidth and gain of the araen avoiding substrate
thinning and via holes, and increasing the fabricayield. Thus, the elevated
antenna can meet different application requirememmd can be utilized as a

substrate independent solution.



In this work we have introduced the concept of rdigurable antennas at
millimetre wave band. Also, we have investigatedows aspects associated with
lowering the pull-down voltage and overcoming thet®n problem of MEMS
switches required for the proposed reconfiguraloieranas. This was achieved by
developing MEMS technology which can be integratdgth MMICs fabrication
process. Two novel reconfigurable elevated patd¢brara topologies were designed
to demonstrate the developed technology and treflopnances were discussed.
The result we obtained from this work demonstrates feasibility of MEMS
reconfigurable printed antennas at G-band freq@sndihis will open a new field
in MMICs technology and increasing system integnaticapabilities and

functionality.
The devolved technology in this thesis could bkzetil in many unique applications

including short range high data rate communicasgatems and high-resolution

passive and active millimetre-wave imaging.
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Chapter 1 Introduction

1. Introduction

1.1 Motivation

Printed antennas at deep millimetre-wave (e.g G-band) hmeen experiencing a
resurgence in popularity recently as many systemg tbeen allocated, or are
proposing to use, frequencies within this operatiagd. These higher frequencies
and their propagation characteristics make therexaellent choice to satisfy actual
requirements imposed by modern wireless commupoicatiystems, such as small
profile, high data rates, low cost, short radiksirand high sensing and imaging
resolution [1-3]. Printed antennas are well knowntheir highly desirable physical
characteristics such as planar configuration agitt lveight - making them ideal for
applications that require low profile structuresl @onvenient elements in the design
of large antenna arrays. These antennas can alsdelgeated directly with MMICs
in a single package owing to their small physidaé sand compatible fabrication
procedure. Integration of the antenna is desirakilece it often leads to
miniaturization, lower costs, reduced power condgionp reduced parasitics,
shrunken transceiver size and increased desigibiliex compared with systems

based on discrete antennas [4, 5].

Two significant trends are appearing in the newegation of modern wireless
communication systems. One is to integrate antedimastly with RF, analogue and
digital subsystems in a single package at millimetave frequencies abotd0GHz

[2]. The other is to integrate multi-tasks in orystem using a single reconfigurable

antenna to eliminate the need for multiple anteropesating in various frequency



Chapter 1 Introduction

bands [6-8]. These trends are very challengingpfimted antenna design due to
various substrate property requirements as weheaslifficulty of producing a single
antenna design for different operation bands. Thése considerations are

summarised below.

1) substrate property requirements

Printed antennas at millimetre-waves are widelydwsethey are good candidates for
on-wafer integration. However, they have differsobstrate requirements in terms
of dielectric constant and thickness from the oéshe integrated circuits. Generally,
printed antenna are realized thick substrates avitw dielectric constant to achieve
a wider bandwidth, undisturbed radiation patterrend reduce any undesired
coupling between the various elements in arrayigardtions via the substrate [9].
This requirement can either lead to a hybrid irdégn solution or both antennas and
other RF parts to be built on the same substrath am intermediate dielectric
constant, which therefore yields suboptimal compormperformance instead of the

best performance for each part.

To integrate printed antenna directly with MMICse tantenna has to be realized on
a high dielectric substrate (i.e GaAs substeat&2.9). The integration on the same
substrate becomes an issue at deep millimetre-weaguencies as the signal
wavelength will become comparable to substratekit@ss. This results in a strong
moding effect and high loss due to surface wavetai@n which in turn leads to
lower efficiency, reduced bandwidth, degraded tamlia patterns and undesired
coupling between the various elements in array igardtions [10-13]. This has
limited printed antenna application in broadbanddmes and they are difficult to
apply successfully at millimetre-wave frequenci@steduction in surface waves is
very important in millimetre-wave antenna desigm fonot only improves the
efficiency of the antenna, but also weakens the-kitle level which is produced by

surface wave diffraction around the antenna sulestra

As micromachining technology is developed, it imsiagly offers an alternative

scheme to simultaneously satisfy the demands ohtibenna and circuitry as it can
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allow the use of the same substrate for both fansti without performance
degradation. Several techniques have been reptotasgnthesize a localized low
dielectric constant environment and thus reducestiveace wave excitation. These
include: (a) using two different dielectric condtanbstrates [5, 67]; (b) using bulk
micromachining to etch a portion or complete sectad the substrate material
underneath and around the radiating element [1}4,(€pusing an electromagnetic
band-gap (EBG) structure [16-18]; (d) elevating tlaeliator element above the
substrate using a membrane or using posts tdéftradiator into the air [19-23]. In
addition, other techniques have been introducedriter to overcome the narrow
bandwidth of the printed antennas. These technimetsde using multiple-radiator
resonators, modified radiator shape, stacking safest and coupling through
aperture and proximity coupled antennas [5, 24]. &l these referenced results
achieved improved performance compared with conweak printed millimetre-
wave antennas on relatively high dielectric cortssastrates. On the other hand, a
process such as etching the substrate and fabdc#te membrane can be very
difficult to establish when high yield is requiredlso, most of these approaches are
not fully compatible with MMIC processes or packagecessing and can consume

large amounts of precious chip area.

The elevated and proximity coupled printed antemproach can be considered as
an alternative to conventional printed antenna @ggres for the integration of an
antenna with a MMIC and have concomitant advantages conventional antenna
designs such as broader bandwidth and reduce@iduof substrate moding effects
[11]. However, the feed network loss can be highdievated antennas, since it is
printed directly on the substrate and, also, prayirooupled antennas suffer from
complex and cumbersome fabrication processes dudetouse of two separate
substrates - reasons preventing these antennading efficiently implemented in
integrated form [25]. Therefore, the antennas wtaoh realized in this work are
based on elevated structures, using printed orlatddvtransmission feed lines. This
will reduce the substrate effect for both the angemand the feed line, since the

antenna substrate is essentially air and mosteo€kbctric field of the elevated feed
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line is confined in the air regions and not in tbstrate. In addition, elevated

antennas can achieve this and yet do not requie s substrates.

2) Different operation bands

A single antenna that can support multiple commatioo services would allow a
wireless device with multiple wireless applicatidoautilise a single antenna element
to transmit and receive signals at different fretpyebands. By only requiring a
single antenna element, the space required fonaaseon the device is significantly
reduced. To meet the need for multi-band wirelggsieations, a choice could be
made from the following three types of antennasa(single antenna showing multi-
resonance characteristics for the required fregaen¢b) a very broadband antenna
to cover all required frequencies; (c) a reconfidple antenna to operate at required
frequency points. Both a multi-resonance antenra arvery broadband antenna
suffer interference from signals operating in umusevered bandwidths, whereas
using a reconfigurable printed antenna design avees this problem and it can be

controlled without changing the whole dimension atrdcture of the antenna [6].

Many techniques have been developed for the desfgreconfigurable printed
antennas to get multi-band operation without the efsadditional radiators. These
techniques tune the antenna bandwidth by conteptlie antenna parameters - either
by using solid state switches (diodes, transistavs) using MEMS (Micro-
electromechanical Systems) switches [26, 27]. Withse techniques, only the
desired frequency bands or one band is in usdiatea this can decrease the level of
the interfering signals and thus decrease the feedeparate filtering. However,
tuning the antenna operation band by using sodite stwitches at deep millimetre-
wave frequencies limits the antenna efficiency, tu¢he high insertion losses [6,
28] of the switching devices. MEMS switches haverbentroduced as a prime
candidate to replace the conventional sold staticlses, since they offer high
isolation, very low insertion loss, high linearignd the MEMS actuator does not

require any special epitaxial layers as in the cdskodes.
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Even though MEMS switches have been shown to gafy good performance,
current implementations still suffer from a hightuation voltage - restricting their
potential for integration with MMICs. In order tower the actuation voltage of the
MEMS switch, three different routes can be followdtiese are: (a) increasing the
area of actuation; (b) diminishing the gap betwdlae cantilever and bottom
electrode; (c) designing a structure with a lowirgpiconstant. In the first case, the
area can only be increased by so much before cdmgsscbecomes a prevailing
issue. In the second case, the isolation (pargstiallel plate capacitance) associated
with the RF signal restricts the value of the gHjpe third route is the one with the
most flexibility, since the design of the springsed not considerably impact the size,
weight, and performance of the antenna [7, 19, 28]cantilever beam switch
structure can be considered to provide very loweslof spring constant in a
compact area as well as providing high cross-agisitivity between vertical and
lateral dimensions [29]. However, with low pull-dowoltage switches, stiction
(adhesion) problem in cantilever beam MEMS switdthwnetal-to-metal can be a
serious problem [30-34]. Therefore, before thegraéon of MEMS switches with
printed antennas, the adhesion problem associatddtie contacts needs to be
resolved. Therefore, in this work, we propose gpinintegrated way to prevent the
stiction problem without significant effect on pdlbwn voltage. This solution

should be effective no matter what the actual cafistiction is.

In summary, although there is much work to be foundhe literature on printed
antennas and frequency reconfigurable antennagetwave frequencies, very little
information can be found in the literature at G-#gh40GHz to 220GHz The

design of printed antennas on high dielectric sabs$, working at G-band and
possessing high performance, full compatibilityhnMIMICs and can be tuned for
different bands using low actuation voltage MEMSitehes still remains a
challenging task. This research will provide ch&gdeation of such antennas -

something which has not yet been done for this offgntennas.
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1.3 Research Objectives

The aim of this thesis is develop MMICs compatiBldand printed micromachined
antennas with fixed and reconfigurable bandwidtid, & tune for different operation
bands using low pull-down voltage MEMS switcheseTain objectives of this

research are:

1. Study the substrate moding effect of planer trassion lines and printed

antennas at millimetre-wave frequencies.

2. Develop G-band integrated micromachined antenhasirtcludes:
» Develop fabrication technology.
» Design different topology suitable for MMICs integjon.
» Examine new and more efficient techniques to fagdraas.
* Antennas analysis.

» Fabrication of antenna and characterisations.

3. Develop low actuation voltage MEMS technology (MMICompatible bias

voltages) with a simple integrated way to prevéstgtiction problem.

4. Develop reconfigurable G-band printed antennasgutsia developed MEMS
technology.

The technology developed in this work is a veryc@lelement in the future
development of system integration and multifunaidp of chips. Further
understanding of the parasitic effect is a cru@&ment in developing high

performance systems.



Chapter 1 Introduction

1.4 Thesis Organization

Chapter 2 presents the basic theory of antennatharfdndamental parameters used
for evaluating antenna performance, followed byoeparison of different printed
antennas with a focus on the characteristics othpantennas. This gives an

understanding of the challenges to be resolvedeo§imulation software validation.

Chapter 3 discusses elevated patch antenna desgigtiens, then presents several
techniques used to match the antenna with its lieed An insight into the process
involved in the antenna design and layout is alsvigded. This is followed by an
introduction to simulation software, which is ustddesign and predict antenna
performance, and an outline of the tools which ased to measure antenna

performance.

Chapter 4 developed fabrication techniques areodoited. This includes the
realisation of planar antennas elevated antennaM®Ewitches, reconfigurable

antennas and transmission media.

Chapter 5 introduces different and new feeding rameidms for elevated
micromachined antennas. Also, several new topadogfemicromachined antennas

operating at G band frequency region are discussed.
Chapter 6 covers a review of the theory of MEMStshs and their application in
reconfigurable antennas. Several proposed desighdMBMS switches and

reconfigurable antennas are demonstrated in tlaipteh

Chapter 7 summarizes the conclusions reached anchreends future work.
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2. Antenna Theory and Background of Printed

Antennas

2.1 Introduction

To understand the challenges faced when desigmmenaas, it is necessary to
provide some background information on some of Hey parameters and
performance metrics. There are many antenna typash with differing geometry -
but there are certain fundamental parameters wtachbe used to describe all of

them.

This chapter presents the theory of antennas anflittdamental parameters used for
evaluating antenna performance. The first parireeglwhat an antenna is and how it
radiates. An insight is also given into the fundatats of antenna modelling
equations and their solution derivation from Maxigetquations. The solution can
be extrapolated to determine the radiation patém given antenna, and determine
the far and near field of radiation regions. Tophelaluate antenna performance, the
fundamental antenna analysis parameters, suchuas fess, impedance bandwidth,
directivity, antenna efficiency, gain and polarisatare discussed. The second part
present a comparison of printed antennas typesanititus on the characteristics of
patch antennas. An introduction to some of the feggthanisms and bandwidth
enhancement techniques of patch antenna are asered in this chapter. This is
followed by a discussion of the substrate effectponted antennas performance at
millimetre wave band, with focusing on the micromiaed technigues that used to

reduce these effects.
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2.2 Basic Antenna Concept

Every wireless system must employ an antenna toiateadand receive
electromagnetic energy. The antenna is the traeschetween the system and free
space and is sometimes referred to as the aifantef35]. In other words, antennas
convert electromagnetic radiation into electriongig or vice versa. A rather simpler
definition of the antenna is that of a metallic idevfor radiating or receiving radio
waves. In modern wireless systems, the antenna ascstct as a directional device
to optimise the transmitted or received energyimes directions while suppressing it
in others. Antennas are reciprocal devices. Thansehe properties of an antenna
are identical in both the transmitting and recajvimode. For example, if a
transmitting antenna radiates to certain directiong€an also receive from those
directions - the same radiation pattern applies Hoth cases [36]. There are
numerous types of antennas developed for manyreiffeapplications and they can
be classified based on four distinct groups as,véperture, reflector, and printed

antennas, and they can be used as single elemamags [9, 37].

Regardless of the type of the antenna, they arébadkd on the principle that
electromagnetic radiation occurs due to acceleratedecelerated electric charges
within a conducting material. This can be explaingth the help of Figure 2 - 1
which shows a voltage source connected to a twalwwdor transmission line [9].
When a sinusoidal voltage is connected to thesectwaluctors, electric fiel& and
magnetic fieldH are created. Due to the time varying electric erajnetic fields,
electromagnetic waves are created and these toateken the conductors. As these
waves approach open space, free space waves aredfdry connecting the open
ends of the electric lines. Since the sinusoidaf@®continuously creates the electric
disturbance, electromagnetic waves are createdhcanisly and these travel through
the transmission line, through the antenna andaatiated into the free space. Inside
the transmission line and the antenna, the electgoetic waves are sustained, but as
soon as they enter the free space, they form cllusgas and are radiated. During

propagation in space, some components of eleatdcn@agnetic field vectors decay
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very quickly away from the antenna. Only orthogor@hponents of the electric and

magnetic fields are maintained during propagatidiaraway distance [9].

Field o

L

Source Waveguide Antenna Radiated free space wave

Figure2- 1: Antenna and electromagnetic waves generation.

2.3 Antenna Modelling Equations

The basic equations which are used for antenna limafeare derived from
Maxwell's equations. Maxwell’'s equations allow tlealculation of the radiated
fields from a known antenna current distributiohey also give a description of the
behaviour of the fields around the antenna geom&taxwell’'s equations can then
be used to understand the fundamental principleanténnas. The equations are

presented below [38-40].

OxE=-jaB-M [Faraday’s lay (2.1
OxH = jaD+J Pmpere’s lay (2.2
OD=p, Gauss’ laws for electric fie]d (2.3)

10
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OB=p, Gauss’ laws for magnetic figld (2.4)

whereEis the electric field intensity (V/m)His the magnetic field intensity
(A/m), Dis the electric flux density (C/Ay) Bis the magnetic flux density (Wbfn
Jis the electric current density (Afjnandp. is the electric charge density (Cjm

The quantities of magnetic current densliy and magnetic charge density are
non-physical and they are included in the symmdoims of Maxwell’'s equation

for mathematical convenience.

The qualitative mechanism by which Maxwell’'s eqoa$ give rise to propagating
electromagnetic fields of time-varying sources Keat and charge) is shown in the
Figure 2 - 2. A time-varying currenl on a linear antenna generates a circulating
and time-varying magnetic field, which through Faraday’s law generates a
circulating electric fieldE , and E through Ampere’s law generates a magnetic field,
and so on. The cross-linked electric and magnétidd propagate away from the

current source. Maxwell's equations are compactheraatical expressions of the

electromagnetic interactions of physical nature f&8.

~ -

Figure 2 - 2: Propagating mechanism of electromagnetic fields.

Calculation of the radiated field produced by agctic current source in free space
can be regarded as a basic antenna problem. Amranteonfiguration is an

electromagnetic boundary value problem. Therefthre fields radiated must satisfy

Maxwell’s equations. Both electrid and magneticM current densities, and also

11
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electric p. and magnetipn, charge densities are allowed to represent thenaate
(sources of excitation). The respective current@ratge densities are related by the

continuity equations [40].
0.J=~jap, (2.5)
OM =-jap, (2.6)

Although magnetic sources are not physical, theyadten introduced as electrical
equivalents to facilitate solutions of physical bdary value problems. In fact, for
some configurations, both electric and magnetidvadent current densities are used
to represent actual antenna systems. For a meatatkcantenna, such as a dipole, an
electric current density is used to represent theermma. However, an aperture
antenna, such as a waveguide or horn, can be espeglsby either an electric current

density or an equivalent magnetic current density.

Since Equations 2.1 and 2.2 are first-order coumléfrential equations (each
contains both electric and magnetic fields), ibiten more desirable to couple the

equations. When this is done, two non-homogeneeator wave equations can be

obtained; one foE and one foH [38].

O?E+B’E =—=0p, +0xM + jaud (2.7)

™|~

D2H+IB2H:%me+ij+ja£M (2.8)

where 5% = &/ e . For a radiation problem, the first step is to repré the antenna
excitation by its source, represented in Equatiiisand 2.8 by the current density
J or M or both, having taken into account the boundaryditims, and solving

these equation fd& and H . This is a difficult step and it usually involvas integral

12
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with a complicated integrand and this proceduresesented in Figure 2 - 3 as Path
1 [38].

Direct solution of Maxwell's equations
(difficult integration)

Sources Radiation field
‘J’ M Path 1 E.H
Determination of potentials Determination of fields
(simplified integration) (differentiation)
Path 2

Vector potentials

- =

AF

Figure 2 - 3: Procedures for solving antenna radiation problems.

To reduce the complexity of the problem, it is anooon practice to break the
procedure into two steps. This represented in Eigur 3 by Path 2. The first step
involves an integration while the second involvediféerentiation. To accomplish

this, auxiliary vector potentials are introducetheTmost commonly used potentials
are A (magnetic vector potential) anB (electric vector potential). Although the

electric and magnetic field intensitie§ @nd H ) represent physically measurable

quantities, for most engineers the vector potenaa¢ strictly mathematical tools. In
the first step of the Path 2 solution, the vectoteptialsA andF should be found,
once the sourced and M are specified. This step involves an integratioh dne
which is not as difficult as the integration of Pdt. The vector potentials and

F can be written related td and M respectively as
O2A+ B2A = —-ul (2.9)

O2F + B2F = —eM (2.10)

13
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If the current densities are distributed over aaa@'S, such as that of a perfect
conductor immersed in an infinittomogeneous medium, the solutions of Equations

2.9 and 2.10 can be found as

A= ([3 ds’ (2.11)

ds’ (2.12)

whereR is the distance from any point on the antenna &dhservation point.
This is the most difficult step in the solution Bath 2 is the evaluation of the
integrals in, for example, Equations 2.11 and 2R@ most practical antenna
geometries, these integrals cannot be evaluatedclased form. Usually

approximations are made and/or numerical technique€mployed.

The next step of the Path 2 solutisrto find the fieldsE and H , from the vector

potentials A and F . This step involves differentiatidoy employing the concept

of superposition of fields using these equations

E=E,+E :[— jaﬁ—jlﬂ(D.A)}{—lelf} (2.13)
WUE £
SO T T I - 1 -
H=HA+HF=[—DxA}+{—J&F—J—D(D.F)} (2.14)
H aje

Recently, with better computer simulation softwaentenna modelling and
evaluation is a much simpler, more convenient, anthore efficient procedure

than in the past.

14
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2.4 Antenna Radiation Field

The field patterns associated with an antenna ahangh distance and are
associated with two types of energy. These two dygpe the reactive field and
the radiation field. The reactive field is the port of the antenna field
characterised by standing waves and representdstarergy. The radiation field
is characterised by radiating (propagating) wavesl aepresent transmitted

energy.

2.4.1 Antenna Radiation Field Regions

The space surrounding an antenna can be dividedhnte regions according to the
properties of the radiated field. While these awé firm boundaries, they represent
convention usage and provide some insight to theahcadiated field as a function
of distance from the antenna. Figure 2 - 4 showsrama radiation regions [9, 35,
41].

Far-field region

Radiating near-field
region

Reactive near -field
region

Figure 2 - 4: Typical boundaries for antenna radiation regions.

1) Reactive Near-fiedd Region: This region is immediately surrounding the
antenna, where the reactive field (stored enerayehg waves) is dominant.
In this region, energy only exists as stored enargy no energy is radiated,

and E andH fields are not orthogonal. For the majority of eamtas this

15
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region exists atR < 062yD%/A from the antenna [9], wheré is the
wavelength and is the largest dimension of the antenna. In genela¢cts
within this region will result in coupling with thantenna and distortion of

the ultimate far-field antenna pattern [35].

2) Radiating Near-field (Fresnel) Region: This region lies between the reactive
near-field region and the far field region, whele tradiation fields are

dominant and the angular field distribution is degent on the distance from

the antenna. The boundary for this regio®82VD*/A < R, <2D?/A [9].

3) Radiating Far-field (Fraunhofer) Region: This region is the farthest away
from the antenna, where the field distributionssentially independent of the
distance from the antenna (propagating waves), amghrent gain is a
function only of the angle. The field componentghis region are transverse
to the radial direction from the antenna (plane&yand all the power flow is

directed outwards in a radial fashion [36, 42]. Tineer boundary is taken to

be at distancB>2D?/A, and the outer boundary is ideally at infinity [9,
35].

2.4.2 Antenna Radiation Pattern

An antenna radiation pattern is spatial distributid a quantity that characterizes the
electromagnetic field generated by the antennaiastibn of position. The radiation
pattern can be a mathematical function or a grabhepresentation (2-D or 3-D) in
the far-field region of one of the antenna paramsetech as gain, phase, polarization
or directivity. The rectangular plots of two-diménsal patterns can be read more
accurately, but the polar plots give a more piela@presentation and are thus easier
to visualize. The principal plane patterns of &dirly polarized antenna are E-plane
and H-plane patterns. The E-plane is the planeagang the electric field vector and
the direction of maximum radiation, and the H-pldasethe plane containing the

magnetic field vector and the direction of maximradiation [9, 43].

16



Chapter 2 Antenna Theory and Background of Printed Antennas

The antenna pattern parameters are shown in FRué&. Two main parameters
which can be calculated from the radiation pattara half power beam-width

(HPBW) and the front-to-back ratio. The half povbeam-width can be defined as
the angle between the two directions in which theiation power is one-half the
maximum value of the main lobe. The front-to-baaka is the difference between
the power level at the peak of the beam and theepdevel at specified rearward
direction which is usually taken at worse caseata pointl8® from the peak point

[37].

Half power beam-width

Main lobe

m

max

/ide lobe

-,

O

N

Back lobe

Figure2-5: 2-D antenna radiation pattern.

Radiation patterns of antennas can be classifiegtcba@n the pattern shape into
isotropic, omnidirectional or directional patterf@6, 41]. The isotropic antenna
radiates equally in all directions and is a hyptdad (not physically realizable)
concept, useful as a reference point to describeaigtennas. The antenna radiates
and receives equally in a given plane is calledmmidirectional antenna, and it is
also called a non-directional antenna because ds dwot favour any particular
direction in this plane. All physically realizablentennas are, to some extent,
directional antennas. They focus the energy mora particular direction than in

others and can be subdivided into bidirectionaidivectional and clover leaf types.
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2.5 Antenna Parameters

To describe the performance of an antenna, defirstiof various parameters are
necessary. Some of the parameters are interretatddnot all of them need be
specified for complete description of the antennarfggmance. The most

fundamental antenna parameters are described leleections 2.5.1 to 2.5.6.

2.5.1 Input Impedance and Return Loss

The antenna impedance is the impedance presentad agtenna at its terminals, is
expressed as the ratio of the appropriate compsméithe electric to magnetic fields

and is usually complex [43]. The imaginary p&tepresents the power stored in the
near field of the antenna. The real gastconsists of two components, the radiation
resistanceR, and the loss resistané&. The power associated with the radiation
resistance is the power actually radiated by therara or coupled to other modes,
while the power dissipated in the loss resistarcdost as heat in the antenna

structure due to dielectric and conductive los8és |

When the impedance of an antenna fails to match gharce impedance
(transmitter/receiver), the system degrades duereftected power. The input
impedance is measured with respect to source deaistic impedance. When the
two are not the same, a voltage wave is reflecidd, whereT is the voltage

reflection coefficient [9, 39, 44]

Z,-Z

o

(2.15)

WhereZ, is the antenna impedance afds the source characteristic impedance. On
a transmission line the two travelling waves, iecid and reflected, produce a

standing wave [44]:

Vimax= (1 + [T)Vi and Mn= (1 - |1V (2.16)
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VSWR= Vmax - 14T (2.17)
V. 1-T

min

whereVSWRs the voltage standing wave ratio, which meastfireow well the

antenna is matched to source. The reflected pagivén byv,[r|*/ Z,, and the

incident power byV,”/Z,. The ratio of the reflected power to the incideotver is

ICR, it is the returned power ratio or the return IB&swhich is given by:
RL= 20Ioglo|r| dB (2.18)

For perfect matchingl'=0, no power would be reflected back, wherdasl
implies that all incident power is reflected. Forngtical applications, & SWRof
2 is acceptable and it corresponds telaof 10dB

2.5.2 Bandwidth (BW)

The bandwidth of an antenna is broadly definedhasrange of frequencies within
which the performance of the antenna, with resfesbme characteristic, conforms
to a specified standard. In general, bandwidtipecsied as the ratio of the upper
frequency to the lower frequency or as a percentddgbe centre frequency. Since
antenna characteristics are affected in differemgsaas the frequency changes, there
is no unique definition of bandwidth. The two masimmonly used definitions are
pattern bandwidth and impedance bandwidth [9, 45].

The power entering the antenna depends on the imm&dance locus of the antenna
over the frequencies of interest. Therefore, thpeidance bandwidth (BW) is the
range of frequencies over which the input impedanoaforms to a specified
standard. This standard is commonly taken toM8WR <2 (or r < 1/3) which
corresponds to a return loss dB, and translates to a reflection of ab&a®o of
input power. Figure 2 - 6 shows how to measBW from the RL [9]. Some

applications may require a more stringent spediboa such as a VSWR df.5 or
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less. Furthermore, the operating bandwidth of aerara could be smaller than the
impedance bandwidth, since other parameters (gdfitjency, patterns, etc.) are

also functions of frequencies and may deteriorat the impedance bandwidth.

Return Loss

dB

Bandwidth

»
»

Frequency

Figure 2 - 6 : Measuring BW from the antenna return loss.

2.5.3 Directivity

Directivity can be defined as the ability of an emta to focus energy in a
particular direction when transmitting or, equivaly, to receive energy better
from a particular direction when receiving. It isfunction of direction but it is
often defined only with reference to the directminthe major lobe [9, 43, 44]. A
comparison between an isotropic antenna and aipaheintenna pattern fed with
the same source is used to calculate the diregtiviis shown in Figure 2 - 7.
Directivity is a dimensionless quantity and it isngrally expressed idB. An
antenna that has a narrow main lobe would havebditectivity than one which
has a broad main lobe.
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Non-isotropic antenna pattern

Isotropic antenna pattern

Figure 2 - 7: Comparison of an isotropic antenna and practiot¢rena radiation pattern.

2.5.4 Antenna Efficiency

The antenna efficiency is a parameter which takes account the amount of
losses at the terminals of the antenna and witienstructure of the antenna. It is
expressed as the ratio of the total power radiatedn antenna to the net power
accepted by an antenna from the connected traresnj®tf 43]. Usually, the total
power delivered to the antenna terminBjsis less than that available from the
transmitter given the effects of mismatch at théeana terminals. The total
power delivered to the antenna terminals must bealetp the antenna ohmic
lossesPomic (conduction loss + dielectric loss) plus total powadiated by the
antennaP.,q. Antenna radiation efficiency;cq, is a measure of how efficient the

antenna is at radiating the power delivered toetminals and can be defined as

Neg =24 = ——"0— (2.19)

Note that the antenna radiation efficiency does matlude the mismatch

(reflection) losses at the antenna connection, Umdt is not inherent to the
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antenna alone. Total antenna efficiengy, which includes the losses due to

mismatch (reflection efficiency;) can be defined as

,70 :ncd,]r (220)

The reflection efficiency represents the ratio ofmer delivered to the antenna
terminals to the total power incident on the antemonnection, and it can be
easily found from transmission line theory in teraighe reflection coefficient
[9, 44].

7, =1-|f (2.21)

2.5.5 Antenna Gain

Antenna gain G, in simplest form, is the producetifciency and directivity. The
main difference between the definitions of direityivand gain is that the
directivity is based on the radiated power while tmin is based on the input
power. Not all of the input power is radiated (bhes@ of losses). Therefore, the

gain can be expressed as
G=n,D (2.22)

Unless specified, it implies the direction of maxim radiation (maximum gain).

A high gain implies both narrow beams and a begtgciency [9, 44].

2.5.6 Polarisation

The energy radiated by any antenna is contained transverse electromagnetic
wave that is comprised of an electric and a magniéld. These fields are
always orthogonal to one another and orthogonaheodirection of propagation
plane. Antenna polarization indicates the polarmabf the radiated wave of the

antenna in the far field region. The polarizatidracgadiated wave is the property
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of an electromagnetic wave describing the time wayydirection and relative
magnitude of the electric field vector at a fixedation in space, and the sense in
which it is traced, as observed along the directibpropagation. Typically, this

is measured in the direction of maximum radiation43].

In general, the polarization of an antenna is dliesk as linear, circular or

elliptical. Although linear and circular polarizatis are special cases of elliptical,
in practice they are usually treated separatelscuTar and elliptical polarizations

also are classified according to the rotation & transmitted field vectors; this
rotation can be either clockwise (right-hand) oumier clockwise (left-hand) as
viewed in the direction of propagation [9, 37]. Thatenna polarizations are
illustrated in Figure 2 - 8.

E E
E
———

Horizontal Linear Vertical Linear

/
L

Linear Circular Elliptical

Figure 2 - 8: Types of antenna polarizations.

The polarization of an antenna is important foresal reasons. A horizontally
polarized receiving antenna cannot receive velficpblarized radiation from a
vertical transmitting antenna, and vice versa. Rirly, right-hand and left-hand
circular antenna systems are not compatible. Somestithis quality is used to good
advantage. For example, the capacity of a microwave can be doubled by
transmitting two different information channels Wween two points on the same

frequency using oppositely polarized antenna sys{di.
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2.6 Printed Millimetre-Wave Antennas

The idea of a planar antenna as a rival to the eotional antenna was introduced
in the 1950’s and the first practical antenna im firm of a rectangular patch was
developed in the early 1970’s by Howell and Mun$d#4, 47, 48]. Since then,
these antennas have been explored thoroughly aedt thighly desirable

properties have been harnessed.

Printed antenna elements are radiators realisetgusianar transmission lines
printed on dielectric substrates, and their perfomoe is determined both by
antenna geometry and by the thickness and peritytti¥ the dielectric substrate.
In designing printed antennas, any number of sabetrcan be used but thick
substrates with a dielectric constant in the lowarge is the most desirable for
good antenna performance because they provide rbetgciency, larger
bandwidth and loosely bound fields for better rédiainto space [24]. However,
the choice of the substrate is very much limitedtly RF circuit coupled to the
antenna, which is ideally built on the same bo&ndorder to design a compact
printed antenna, higher dielectric constants mestied which, for antennas, are
less efficient and result in narrower bandwidth&nEe a compromise must be

reached between antenna dimensions and antenramarfce [9].

Printed antennas are a suitable choice of anteectanblogy at millimetre-wave
frequencies due to their highly desirable physicharacteristics such as low
profile, light weight, low-cost mass production,pedility of being fed using
many different methods, ruggedness and are welleduio integration with
integrated circuits and MMICs [49, 50]. There aeeeral different configurations
of printed antenna but the most common at millimetave region are the patch,

dipole and slot antennas.

A dipole antenna is usually a half-wavelength owvelangth long metal wire or
strip printed on a substrate [2]. The shape of phiated dipole is a narrow
rectangular strip with width less th@n05i and total length is slightly smaller

than 1/2, where 1 is the wavelength in the dielectric medium at resd

24



Chapter 2 Antenna Theory and Background of Printed Antennas

frequency as shown in Figure 2 - 9 - a. The feedihg dipole can be done using,
for example, microstrip line or CPW. There are vas types of printed dipoles,
which include centre-fed coplanar strips dipoleulde sided printed dipole,
folded printed dipole, bow-tie dipole and Yagi-Uddnted dipole antenna [51,
52].

The slot antennas have the simplest structuresofigle metallic layer with a gap
or aperture whose width is much smaller than tingtle. A slot dipole antenna is
usually a half-wavelength at the desired resondreguency. Slot antennas can
be fed either by electromagnetic coupling with acnwstrip line or with a
coplanar waveguide (CPW) transmission line, but CBWhe most common
since it enables direct connection to the integratécuit and no via holes
between different substrate layers are needed.r&i@u- 9 - b shows a slot
antenna with CPW feed. There are many configuratibrslot antenna but the
most common are slot dipole, loop slot, folded ,shmw-tie slot, arc-slot, T-slot

and tapered slot antennas [53, 54].

A2 " A2

le
€

(a) Microstrip dipole antenna (b) Slot dipole antenna

Figure2-9: Microstrip and slot dipole antennas.

Microstrip dipole and slot antennas have limitatiom the designof high
performance antennas such as limited antenna cwafigns, surface wave losses,
bi-directional radiation, limited bandwidths, arekéling transmission line loss. The

flexibility of the patch antenna configurationgli® main reason why these structures
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were chosen in this project. The next section glesvimore details on patch antennas

[55]. Table 2 - 1 shows a comparison of printeccana types.

Table 2 - 1: Comparison of printed antenna types

Characteristics Patch antennas Slot antennas Dipole antennas
Profile Thin Thin Thin
Fabrication Very easy Easy Easy
Polarization Linear / Circular Linear / Circular Linear
Dual frequency Possible Possible Possible
Shape flexibility Any shape rectangular / circular Rectangular/trniaag
Spuriousradiation Exists Exists Exists

2.7 Printed Patch Antenna

Patch antennas consist of a very thir< 1o, wherel, is the free space wavelength)
metallic strip (patch) placed a small fraction ofwavelength i <<io, usually
0.003p < h < 0.05) above a ground plane. The patch and the grouadepére
separated by a dielectric sheet (referred to asuhbstrate) [9]. Figure 2 - 10 shows a
diagram of a printed patch antenna. The patch &k any arbitrary shape, but it is
usually taken as a regular shape (square, rectamguifcular, triangular, elliptical,
trapezoidal, H-shaped) for ease of analysis andenst@hding of the antenna
characteristics. The shape and dimensions of tthatnag patch usually determine
the frequency of operation and thus these antemmasclassified as resonant
antennas. For example, a rectangular patciMi, mode has its length slightly
smaller thart/2 [24, 49].
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R?atch

Dielectric substrate

Ground plane

Figure2- 10 : Printed patch antenna structure.

Radiation from the patch antenna can occur fromftimging fields between the
periphery of the patch and the ground plane. Thecsoof fringing field is large
amount of charge and repulsive forces which pughctimarges to the edge of the
patch, creating a large density of charge at tige®dThe lengtlof the rectangular
patch for the fundamentalM;,; mode excitation is approximately a one-half
wavelength when the air is the antenna substraieieMer, if the antenna loaded on
a dielectric substrate, the resonant length ofrémtangular patch decreases as the

dielectric constant of the substrate increases [49]

2.7.1 Patch Antenna Excitation

Excitation methods influence the input impedanced athe polarization

characteristics, but the feed line should be planethe middle of the width of the
patch to avoid the excitation of the orthogorEVlyy mode. Several feeding
mechanisms can be used for the patch antenna agdoffer the designer many
parameters with which to optimize the antenna parémce. Microstrip line and the
coaxial probe feed are classified under the grdugirect contact feeding methods
while the proximity coupling, coplanar waveguideP{@) and aperture coupling are
grouped under the non-contact feeding method$idrdirect contact method, the RF
power is fed directly to the radiating patch usingonnecting element, while in the
non-contact scheme electromagnetic field couplmgused to transfer RF power
between the feed line and the radiating patch. Mewehe CPW feed is the most
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common at millimetre wave regions due to its lossland dispersion compared with

other feeding mechanisms [9, 24].

1)

2)

Microstrip line feed In this type of feed technique, a conductingostwhich is
smaller in width compared to the patch, is conrdieectly to the edge of the
patch as shown in Figure 2 - 11. The advantagés©feeding method are that
it is easy to fabricate, simple to match by cotitrigl the inset position and
relatively simple to model. The most obvious sekbadile attempting to
improve its operating bandwidth by increasing tlwstrate thickness is an

increase in surface waves and spurious feed radiati

microstrip line feed

Top view

Side view

Figure2- 11: Patch antenna with microstrip line feed.

Coaxial probe feedThe inner conductor of the coax is attached to the
radiating patch while the outer conductor is conieédo the ground plane
as shown in Figure 2 - 12. This feed method is #&mfp match by
controlling the position of the probe at any degilecation inside the patch.
However, it has significant probe radiation and chatg problems for
thicker substrates, since increasing probe lengékenthe antenna input

impedance more inductive.
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Top view
probe feed

Side view

Figure 2 - 12 : Patch antenna with coaxial probe feed.

3) Proximity coupled feedThis non-contact feeding method works on the
principle that the feed line need not necessadlych the resonator because
it can be excited by proximity coupling. The proxiyncoupled feed uses a
two layer substrate with a microstrip line on tbavér substrate, terminating
in an open stub below the antenna element whigbrirged on the upper
substrate as shown in Figure 2 - 13. The lengttheffeeding stub and the
antenna element width to microstrip line width oatian be varied to adjust
the input impedance of the antenna. This methotbissidered difficult to
fabricate because of two dielectric layers useteanrs of one, although it has

the largest bandwidth, is easy to model and hasslowvious radiation.

Top view

Patch substrate

Figure 2 - 13: Patch antenna with proximity-coupled feed

4) Aperture coupling feedn this type of feed technique, the radiating padad
the microstrip feed line are separated by the giqulane as shown in Figure 2
- 14. Coupling between the patch and the feediimeade through a slot or an

aperture in the ground plane. The coupling apeitutsually centred under the
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5)

patch, leading to lower cross polarization due e tsymmetry of the
configuration. The amount of coupling from the felte to the patch is
determined by the shape, size and location of gestare. Since the ground
plane separates the patch and the feed line, suradiation is minimized.
This method is the most difficult among all feegeyg in fabrication because
multi-layer fabrication is required and it possasssenarrow bandwidth as a
limitation. However certain advantages have ovderdthis limitation. These
advantages are that the patch and the feed lageccempletely shielded from
each other; spurious radiation from the feed will degrade side lobes levels
or contribute to cross polarizations. Furthermdres use of two substrates

allows the independent optimisation of the feedmecsm and the antenna.

Top view

Aperture

Patch substrate
Side view

Figure 2 - 14 : Patch antenna aperture coupled feed.

Coplanar waveguide feed (CPWh this method, the coplanar waveguide
is etched on the ground plane of the patch antandapatch separated from
ground plane by other dielectric substrate. Theclpais excited by
electromagnetic coupling using a slot formed in gpund plane and
connected to the CPW feed line. The slot can bastdf to an appropriate
location below the patch to enhance the electromtagrcoupling and to
obtain a suitable input impedance. Therefore, aerara can be directly
matched to the CPW feed [56] - as shown in Figurel3. The CPW offers
several advantages over conventional microstrie kuch as it is lower
radiation loss, reduced surface wave excitation sndasier to integrate
with other circuits [57]. Also, the CPW line hasuaiplanar construction

which implies that all of the signal lines and gnduplanes are on the same
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surface of the substrate. This attribute simplifiesanufacturing by
eliminating the need for backside via holes. Howeue can cause the
excitation of the parasitic slot-line mode and aog waves millimetre-

wave frequencies [58].

Top view

Side view

Figure 2 - 15: Patch antenna fed with coplanar waveguide.

2.7.2 Impedance Bandwidth Enhancement Techniques

One of the major disadvantages of printed anterisatheir inherent narrow
bandwidth. Much work has been done to create eidmgirely new designs or
variations to the existing antennas that give eiteler bandwidths or multiple-
frequency operation in a single element. Howevesstnof these innovations bear
disadvantages related to the size, weight or oveslime of the single element and
the improvement in bandwidth usually comes with egrddation of the other
characteristics. This section introduces the génechniques to improve the narrow

bandwidth characteristic of patch antennas.

There are three ways of increasing the bandwidtie first technique is simply
increasing the thickness of the substrate. Howehes technique introduces various
problems. A thicker substrate will support surfageves, which will deteriorate the

radiation patterns as well as reduce the radiaftioiency. Additionally, depending
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upon the z-direction, higher order modes may arisd¢roducing further distortions

in the pattern and impedance characteristics. Tdwral technique to increase
bandwidth is decreasing the relative permittivitly tbe substrate, which has an
obvious limitation based on size. The third methedoy means of a wideband
matching network. However, this concept was notifda until an impedance-

matching technique was proposed. This first impedanatching approach was
analytical. The real frequency matching technigneé tne simplified real frequency

technique are improved versions that followed. Y, inherent complexity of these
techniques is apparent. The main techniques whasle bbeen found to increase the
antenna bandwidth are presented briefly in thevahg [1, 24, 59-61]:

1) Proximity coupled feed: a proximity coupled feedjuges the use of two
substrates that increases overall antenna thiclarebss not easy to fabricate.

The proximity coupling feed shown in Figure 2 - 13.

2) Modification of the patch shape: the regular camfigions of the patch can
be modified to create multiple resonances as shoviaigure 2 - 16 - a. It is
one of the most effective ways to increase antebaadwidth without

increase in antenna profile.

3) Slotted patch: Slots in the radiating element canubed to meander the
current and create multiple resonances. FigurelB - b shows a slotted

patch.

4) Multiresonator configurations: Two or more patcléslifferent lengths can
be placed in proximity with each other such thaythre excited with a single
feed on planar or multilayer configurations as showFigure 2 - 16 - ¢ and
d. Although these configurations yield broad bartii they have large size,

which makes them unsuitable as an array element.
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@ A
O

a) Modification of the patch shape b) Slotted patch

slot

Parasitic patches

\. Driven patch
/ .
S

d) Planar configuration

Parasitic patch
Driven patch

¢) Multilayer configuration

Figure2- 16: Techniques used to increase patch antenna bandwidth

2.7 Substrate Radiation of Printed Antennas

The purpose of an antenna is of course to rad@eeswaves. However, there are
also other types of waves such as surface wavedeaky waves which can be
excited in the antenna substrate depending omiitkrtess, dielectric constant and
angles of reflection at the substrate metallic lawies [24]. The excitation of
surface wave modes is often considered to be a\disgage in all printed antenna
applications. The reason for this is that mostagfwaves are generally difficult to
control and are not radiated in the main beam timecbut in the direction parallel
to the air dielectric interface, distorting the mabeam radiation pattern and
increasing the level of the side lobes as wellheskiack lobes. Hence, the surface
wave power is treated as a loss mechanism whenlatig the radiation efficiency
[10, 44].

The surface waves are excited from a total intereféction mechanism with most
of the field contained near or in the dielectrigda The field becomes tightly bound
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to the dielectric at higher frequencies [24]. Thesaves propagate slightly

downwards from the radiator into the substratejitaan elevation angt satisfies

% <6< m-sin '1(—1 ) (2.23)

N

Figure 2 - 17 shows this elevation anflén the antenna substrate When surface
waves reach the edges of the substrate, they Heetesl, scattered, and diffracted
causing a reduction in gain, an increase in cratsrgevels, and increase the cross

coupling between array elements [10, 39, 55].

desired
radiation

patch %%r\ surface wave
™~ /
dl'f?r:E;on :@ A: 2/ / i:
ground %

back
radiation

Figure2- 17 : Surface wave in the antenna substrate.

Surface waves in the substrate can be existeckifotim of Transversal ElectritE

and Transversal MagnetitM modes. The phase velocity of these modes is a
function of dielectric constant and substrate thicknebs If a quasi-TEMwave is
present under the antenna radiator with a phaseiteklose to the phase velocity of

a surface wave mode, strong mode coupling can oEourhigher ordelE andTM

modes, the cut-off frequency is given by

f (2.24)

__nhc
4h,/g, -1
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where c is the free space velocity of lights 1, 3, 5.. for TE, modes and = 2, 4, 6
... forTM, modes. We can note from the Equation 2.23 tha¢xiegation of surface
wave modes increase and become a significant pattieototal radiation as the
substrate thickness increases or the dielectristaah increases, and also thely
mode has zero cut-off frequency so that it can beerated for any substrate
thicknessh. Therefore electrically thick and high permittivisubstrates should not
be used. The loss due to surface waves can be ctedjlevhenh satisfies the

following criterion

< 03 (2.25)
Er

h
A 2mfe,

Surface waves can in turn lead to leaky wave remtiaBuch leaky waves leak from
substrate to air; leaky waves will increase the $idbes and cross polarization levels,
as well as the end fire radiation. Surface waveat$f are usually undesirable for

antennas, so their excitation should be suppressed.

Reducing surface-wave excitation from printed anésncan be beneficial for
various reasons. First, the reduction of surfaceewexcitation will increase the
radiation efficiency of the antenna. Second, tlticéion of surface-wave excitation
will result in less diffraction from the edges diet substrate or ground plane
supporting the antenna - resulting in less backatah and interference with the
main pattern in the forward region. Also, reducedace-wave excitation usually
results in reduced coupling between antenna elementan array. Generally
speaking, the substrate thickness must be chosavotd coupling to the first higher
surface wave mode. Surface wave effects are usualiigsirable for antennas, so
their excitation should be suppressed, and théactsf must be considered in the

antenna design [24, 62].
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2.8 Micromachining Techniques to Reduce Substrate E  ffects

The substrate of printed antennas plays a very itapb role in achieving
desirable electrical and physical characteristias. good antenna performance, a
thick substrate with low dielectric constant is idelsle since this provides better
efficiency. However, to integrate the antenna wather MMICs at millimetre-
wave regions, a high dielectric substrate will ls®di which causes high surface
wave loss due to the thickness of substrates beapeiectrically large [9]. This
would impact negatively on the efficiency and bardtv of the antenna.
Although reducing the thickness of the dielecteduces the amount of power
launched into surface waved does not entirely eliminate them because the
fundamentallMy mode has no cut-off and the radiation efficien€yaotenna can

therefore be greatly reduced.

As micromachining technology is developed, it offan alternative scheme that
satisfies the conflicting demands of the antenna @ircuitry by using the same
substrate without performance degradation of ardesmcircuitry. It allows high
performance antennas to be realised on high drdemdnstant substrates such as
silicon and GaAs. Several techniques have beenrtegphaising micromachining
technology on high dielectric substrates to syrideea localized low dielectric
constant environment and thus reduce the surfacee vexcitation. The main

techniques are presented briefly in the following:

1) Etching the antenna substrat&he first approach of etching the substrate
is achieved by using bulk micromachining to etcpaation or all of the
substrate material underneath and around radiaglement. A low
dielectric filling material inside the cavity cafsa be used. Figure 2 - 18 -
a shows this structure. This results in two segaragions of air and the
substrate material, producing a mixed substrateoregith low effective
dielectric constant. The walls of the hollowed ¢g\dre in general slanted
due to the anisotropic nature of the chemical etgHil4]. The second
approach is based on using bulk micromachiningdb er drill a series of

very closely spaced holes underneath and aroundatiienna and to
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control the effective dielectric constant with tti®ice of the diameter and

spacing of the holes. The period of the holes rbessmall compared to a

wavelength [63]. Figure 2 - 18 - b shows this stine.
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(a) printed antenna with back cavity

Figure2 - 18: Techniques used to synthesize a low dielectrist@on by etching the substrate.

2)

3)

Electromagnetic bandgap (EBG)Another possibility is to use an
electromagnetic bandgap (EBG) structure as showrigare 2 - 19. The
PBG structure is basically a periodic metallic pattprinted on dielectric
substrate and this provides a stop band to surfe@ees propagating
through it. The frequency range of the stop banpgedds on the pattern
geometry and its dimensions. If the antenna opmgafrequency falls
within this stop band, it is attenuated while prgating through the
substrate. Thus the generation and propagationrddce wave is stopped
[16, 64].
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Figure2 - 19: Printed antenna with EPG substrate

Elevating the antenna radiatort is achieved by elevating the radiator
element above the substrate using a membrane osibg posts to lift the
radiator into the air as shown in Figure 2 - 20aral b. In the case of a
membrane supported patch antenna, because theatebshder the patch
is etched out, the effective dielectric constardemmthe patch is almost the
same as the air. This will help reduce the substi@ses and improve the
radiation efficiency. However, the delicate subtratching has to be

performed because the antenna performance at mre-fraquencies is
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4)

very sensitive to the fabrication tolerances. Maero because the input
impedance of the patch is very high, the impedanmmesformer (such as
the M4 impedance transformer) is required to matchittygedance. When
fabricated as a patch array antenna, the feed dimg the impedance
transformer become very complex and, furthermoreyanted radiation

from the feed network readily occurs. Thus, theiatidn efficiency of a

patch antenna is degraded. Therefore, using posedewvate the radiator
can be considered as an alternative to previoudintques, with

concomitant advantages of broad bandwidth and estldependence on
substrate effects, since the antenna substratesengally air - the lowest

possible dielectric constant [21, 65, 66].
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(a) Elevated radiator using membrane (b) Elevated radiator using posts

Figure 2 - 20 : Synthesize a low dielectric constant by elevatirgyradiators.

Using different substratesn this technique, the radiator is formed on a
substrate with low dielectric constant and the féed on a substrate with
high dielectric constant as shown in Figure 2 - BY. using different
substrates, the feed line network and the rad@onrbe optimised at the same
time and the high dielectric substrate effect om dmtenna can be reduced.
However, use of two substrates involves exact algm to achieve good
performance. It is very difficult to align the stitages exactly and a small
misalignment results in large performance degradatit millimetre-wave

frequencies [5, 67].

Low dielectric substrat e
for the radiator

High dielectric substrate
for the feed

Figure 2 - 21 : Different substrates used to synthesise a low &ffedielectric constant.
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2.9 Conclusion

Basic antenna concepts and radiation mechanisnng alith basic equations used
for modelling antenna radiation have been outlifidds provides an understanding
of the challenges faced when designing antennashalps in the investigation and
selection of the proper antenna configuration anevialuating antenna performance.
A comparison has also been given of different pdrintennas with a focus on the
characteristics of patch antennas, which is usethis project as it is the most

suitable for operation at G-band frequncies.
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3. Elevated Patch Antennas Analysis and Design

Process

3.1 Introduction

There is no ideal process to design and analysgepriantennas and closed form
equations to calculate the parameters which gieeb#st performance do not exist.
Therefore, the dimensions of the antenna are rgughéluated and then altered
iteratively until the desired performance, or tHesest possible approximation, is
achieved.

This chapter presents the analysis and design gseseused for elevated patch
antennas. The first part of this chapter discugkes motivation for use of the
elevated patch antenna and the reasons why insidered the most attractive type
of antenna i.e. its versatile characteristics. &leg patch antenna design equations
based on the transmission line model are introddcedhe first time with several
matching techniques that are used to match an mateith its feed. The second part
provides clear guidelines on design approachescandiderations that should be
taken into account for the designs of elevated lpatatennas. This chapter also
presents the High Frequency Structure SimulatoriSG)Fsimulation software as an
effective tool for modelling and predicting anterpeaformance with an overview of
the modelling process in HFSS. The end of the @rdaptroduces measurement tools

which are used to evaluate antenna performanceban@ frequencies.
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3.2 Integration of Elevated Patch Antennas

Integrating printed antennas directly with RF citsun a single package at G-
band frequencies offers potential advantages of tmst, reduced parasitic,
shrunken transceiver size and increased desigibiléx compared with systems
based on discrete antennas, since the shorter eregtél of G-band frequencies
results in smaller antenna size and more bandwidthbe realized [14, 68, 69] .
However, the signal in RF circuits is often carridgdough a high dielectric

constant substrate. The design of conventional tedinantennas on such
substrates is generally avoided, as they suffemfi@ narrow bandwidth and
excessive loss due to surface wave excitation. maslimited their applications
in broadband modules and they are difficult to ®sstully apply at millimetre-

wave frequencies [10, 13, 70, 71].

For example, GaAs substrate wBBQum thickness and dielectric constant1d.9
is used in this work. If the antenna is printededtty on this substrate, the surface

waves will propagate slightly downwards from thetemma patch into the

substrate, having an elevation angi® betweer®0° < 8<163.83°based on
Equation 2.23. These waves hit the ground planethef antenna, then are
reflected, then are directed to the dielectricHito-boundary and are again
reflected, and so on (see section 2.7). Bbthand TE surface wave modes will
be excited on a dielectric substrate and cut-oéfjfrencyf. of these modes is
given by Equation 2.23. The excitation of surfacaves becomes significant
when the substrate is electrically thick and hdarge permittivity. For G-band
frequencies, the first surface wave mddé, has zero cut-off frequency and there
are possibilities of exciting six other modes whate TE;, TM,, TEs, TMy, TEs,
and TMg, since their cut-off frequencies aB#.51GHz 69.02GHz 103.53GHz
138.04GHz172.55GHz and207.06GHzrespectively based on Equation 2.24. To
neglect the effect of surface waves, the critemdmch is given by Equation 2.25
must be satisfied. For example, the thickness cAGsubstrate a200GHzneeds
to be less tha®.37um; it is very difficult to satisfy this condition @uto the

mechanical and fabrication limitations.
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It can therefore be seen that low permittivity swdtes are desirable for antenna
designs in many different ways since it providestdyeefficiency. In order to
overcome the substrate effect and improve printaterma performance, the
elevated patch antenna can be considered as amait® to a conventional
printed antenna approach. Figure 3 - 1 shows tkhetrét field at the resonant

frequency of an elevated rectangular patch antenna.

Radiator

Electrical Field Ground Plane
\ /- — —
(T T 11

Substrate

Figure3- 1: Electrical field at the resonant frequency of davated rectangular patch antenna

By elevating the antenna radiator above the groplade, the antenna topology
effectively will create a low dielectric substrasence the antenna substrate is
essentially air (the lowest possible dielectric stamt) and the electric field is
confined in the air region between the patch amdgitound plane, not in the high
dielectric substrate. This will help increase thdiation efficiency, gain, and the
radiation bandwidth [21, 65]. In addition, for tiadnal printed antennas
integrated with other components, once the sulesspécifications are chosen for
the whole module, the thickness is a universal tonisfor each component on
this substrate and it cannot be tailored freely éimags optimized for antenna
design. In contrast, for the elevated printed am&sn the height of the radiator
can be varied regardless of substrate used. Thi®eaised to further enhance the
patch bandwidth when we cannot change the subdtnatkness for the sake of
the rest of the module circuits. Thus, the elevapeidited antennas can meet
different application requirements and can be zdii as a substrate-independent
solution. Finally, the antenna ground plane on ebghe wafer will completely
shield the antenna from the underlying elements am# versa [20]. The
performance exhibited by these antennas make thémactive candidates for

many G-band applications.
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3.2.1 Analysis Model of Elevated Patch Antenna

There is no universal mathematical synthesis metbatttermine the geometry of a
patch antenna based on specific requirements. lystiz design of the antennas is
done through analysis of antenna geometry. Althoongimy methods are used to
analyse patch antennas, the most popular amoageathose based on a transmission
line model, cavity model and the full wave meth@d][ Among the three methods of
analysis, the transmission line model is the sistpband easiest of all but it is the
most inaccurate. The cavity method is much moreirate than the transmission line
method, but it is also much more complex althouglivies useful physical insights.
The most accurate method is the full wave modelthatalso the most complex and
difficult to properly apply. This model is very \&atile and can treat single elements,
finite and infinite arrays, stacked elements, aabjt shaped elements and coupling
[9, 24]. Recently, much commercial software hasnb@ede available for full-wave
numerical analysis. In this work the transmissioe Imodel is used to calculate the
initial dimensions of the antenna and then HFSSuktion software is used to carry

out the full wave analysis of the designed struetur

The transmission line model is based on an equivaegnetic current distribution
around the patch edges. The antenna radiator etemetewed as a transmission
line resonator with no transverse field variatiqtise field only varies along the
length), and the radiation occurs mainly from theding fields at the open circuited
ends. The fringing fields in this method can be eiledl as two radiating slots
(magnetic current elements) formed at the two exfdbhe patch, separated b2,

and each slot can be modelled as a magnetic d[@dle59]. The elevated patch
antenna supports pufidieEM mode of transmission since all of the electrid¢dfignes

reside in the air and the phase velocities aretaahs

The fundamental M;, mode implies that the field varies as a2 cycle along the
length, and that there is no variation along thethviof the patch. The vertical
components of the electric fieldE-field) at the two edges along the width are in
opposite directions and hence cancel one anothéeibroadside direction, whereas

the horizontal components are in same directionhemte combine in the broadside
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direction. Therefore, the edges along the widthtarmed as radiating edges. The
fields due to the sinusoidal distribution along teegth cancel in the broadside
direction, and hence the edges along the lengttkmogn as non-radiating edges
[24, 37].

The fringing fields along the width of elevated ggattan be modelled as radiating
slots and electrically the patch of the antennakdogreater than its physical

dimensions as shown in Figure 3 - 2.

Non-radiation edges

Radiation edges
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Figure 3 - 2 : Field distribution of transmission-line model ottgfaantenna.
The dimensions of the patch along its length haae heen extended on each end

by a distancedL. The patch is elevated above the ground planédbgnd has
width of W, Its length can be calculate using [9, 24]

L=L, -2AL (3.1)
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where extended on each end of the patch is

(0722v + 0190 )

AL =h 3.2
P (w+osh) (3:2)
Also, the effective length for a given resonanegfiencyf, is
c
L, =—— 3.3

Generally, the resonance frequency of rectangudctpantenna for anyMmn

mode can be written as

R N G.4)
° 2 Leﬁ Weff .

wherem andn are modes along length and width of the patcheesgely.

The widthW of the patch can be taken smaller or larger tharpttch length. ¥Vis
taken larger, then the bandwidth and gain of theerara will increase due to
enhanced fringing fields from the radiation edgewl aantenna aperture area.
However, increasing the patch widW too much leads to excited higher order
modes. For example, thiEMy, mode will be excited wheW is equal talo. In this
case, the resonance frequency corresponding tdNfage mode will be close to that
of the TM;p mode, thereby causing interference leading tcatamti pattern impurity.
On the other hand, square patches may result ingédmeration of high cross
polarization levels, and thus should be avoide@ssbdual or circular polarization is
required. For efficient radiation and preventiontofher order modes, the patch
width is taken in the rang®/2 <W< /o [24, 72].
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The radiation patterns of the elevated patch amtédonthe fundamentdlMy; mode
can be also calculated by combining the radiatattepn of the two slots of lengii
and width4L on the infinite ground plane, which are spaced distancel + AL.
The normalized radiation patterns in the E-plaBg (n ¢ = 0° plane) and the H-

plane [, in ¢ =90° plane) are given by[24].

sin K,ALSin@
2 co k,(L +AL)sing
K,ALsing 2
2

E, =

(3.5)

sin(k"\lvzsimgj
E =

¢ kWsing
2

cosf (3.6)

whered is the angle measured from the broadside of thehpandko = 2r/A. The
fields are plotted using matlab for patch antenith W = L = 0.5\ in Figure 3 - 3.
The antenna has a maximum field in the directiompeedicular to the patch 6£0°

(broadside), and the field decreases when movingyafrom broadside towards

lower elevations.

a) E-plane ( Eg in ¢ =0°plane) b) H-plane ( E¢ in ¢ =90°plane)

Figure 3 - 3: Normalized radiation pattern of patch antenna
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3.2.2 Matching of Antenna Input Impedance

The operation of a patch antenna over a frequeamoyer is not completely dependent
upon the frequency response of the antenna eleitsefitbut also on the frequency
characteristics of the feed line - antenna elenmmhbination. In practice, the
characteristic impedance of the feed line is uguahl 60 Q) whereas that of the
antenna element is complex. Also the variationamfheas a function of frequency is

not the same.

The complex input impedance of the patch antensa ahries as a function of
frequency, and the resonance occurs at a frequesheye the real part of input
impedance (resistance) reaches its maximum at ab@®@tand complex (input
reactance) is equal to the average sum of its marirand minimum values at
around0Q. By tuning the elevated patch antenna to the dedisgpliency, the feed
line must be located at that point on the patchreviiee input impedance is equal to
50Q and the reactive part is zero at the resonant &ecy[73, 74]

Generally, the feed line of patch antenna is planetie middle of the width of the
patch to avoid the excitation of the orthogonily; mode. For the fundamentéM;o
mode, the impedance of the patch varies from a zafoe at its centre to the
maximum value at the radiating edges, since theentiis maximum at the centre
and minimum near the left and right edges whileuvtbiéage is zero in the centre and
maximum near the left and minimum near the riglgesd Figure 3 - 4 shows these
guantities at resonance. The antenna input resistahresonant frequency can be
approximately calculated at a distarydey [24, 75, 76]:

R,|= Rmaxcosz[yﬂ for 0<y<L/2 (3.9)

whereRyaxis the resistance at patch borge0.
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Current distributed in the patch surface

TIRREsEENE
W]
TIRRsERNE

Voltage v, Current | and impedance IzI distribution along the
patch resonant length

Figure3-4: Voltage, current and impedance distributed inahtenna patch.

For some feed methods, an antenna matching impedains0Q can be directly
obtained by controlling the feed position. Howevéine most patch antenna
configurations have the feed line placed alongpiieh radiating edge. This usually
leads to the characteristics impedance of the fimednot being equal to antenna
input impedance. Matching an elevated patch anteonits feed line can be
accomplished using either an inset feed or quaréarelength transformers as shown
in Figure 3 - 539, 76].

a) Inset feed b) Quarter wave transformer

f— 11— 11—

_—l
— — ]

[

Ald

Figure 3-5: Patch antenna with feed line along its radiatingeed
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Inset feed technique is to artificially move theedepoint to a lower impedance
region inside the patch. The input impedance ofitiset fed patch antenna mainly
depends on the inset distarao@ to some extent on the inset width (spacing &etw
feeding line and patch conductor). Variations ie ihset length do not produce any
change in resonant frequency, but a variation m ittset width will result in a

change in resonant frequency [77].

The quarter wavelength transformers4( transformer) is a section of transmission
line, one quarter of a wavelength long, that isdusetransform the input resistance
of the antenna to a new value that will match tharacteristic impedance of a given
transmission line. The quarter-wave transformeatiached directly to the antenna
when the impedance of the antenna is real, Howdgwe antenna impedance is
complex, the transformer is placed a distati@vay from the antenna, as shown in
Figure 3 - 6. The distanakis chosen so that the input impedance towardahae at
dis real and designated Bg.

4
v

Antenna

Figure 3 - 6: Quarter wavelength transformer placed away fromatitenna

To provide a match, the transformer characteristwedancez,;, should be

Zy4 = Rao (3.10)
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where 2% is the source characteristic impedance. The quanavelength

transformer is usually another transmission lineghwthe desired characteristic
impedance. Because the characteristic impedancessf transmission lines are
limited in range and values, and the typical valoéshe edge input resistance
Rmax Of the patch antenna are in the range of Ib0 30Q2. The quarter-

wavelength transformer technique is most suitalblematch when microstrip
transmission lines are used. In microstrips, tharatteristic impedance can be

changed by simply varying the width of the centwaductor [9, 37, 39].

3.3 Design Methodology

Before starting to design an antenna, specificatmmrequirements that the antenna
has to fulfil have to be taken into account. Thsigie of printed antennas require an
understanding of the electrical and physical prigerof the antennas, and also an
awareness of fabrication and simulation softwatated issues in order to obtain
proper results. Also, a designer should be ablexplore the various methods
available to further improve the antennas perforrearJsually, the design of an
improved antenna usually assumes three possibiliie variation of an existing
design, a combination of features of two or moreemma types, and an entirely new
idea. The design of printed antennas in this woak Wwased on the second and third
criteria. This section provides clear guidelines tre design approach and
considerations that should be taken in accountif®rdesign of the elevated printed

antennas detailed in this project.

3.3.1 Antennas Design Considerations

Many factors have been studied as a part of a -“wffdbetween the antenna
performance and the physical realization consideratof the elevated printed
antenna. Considerations which should be taken adoount when we design

elevated printed antennas are:
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1)

2)

3)

4)

5)

6)

7

The resonant frequency of the antenna (frequen@pefation) in the G-band
(140 GHz to 220GHzhence the antenna configuration must be abipésate

in this frequency range.

GaAs is the dielectric substrate material of thatpd antenna. GaAs has been
selected because of its ability to perform at Higlyuencies (G-band). It also

allows for integration with MMICs.

CPW probe pads are required in the antenna coafigur in order to obtain

compatibility with measurement systems.

Gold metal has been selected to build antenna tstes; because of its
excellent corrosion resistanaad is the most chemically stable material, since
it does not form oxides offering greater longeviBlso, its relatively high
electrical conductivity implies less skin depth.rtRer, Au is easily deposited
using usual deposition methods such as sputterengporation, and

electroplating and has a high melting point.

The antennas should satisfy the requirements oiinmaim return loss o15dB
bandwidth more thaBGHz and input impedance matching=i2 with gain
greater thaidB

The height of the antenna patch radiator shouldhwsen to comply with the
limitations of the fabrication process, where tlostpheight is determined by

thickness of the photoresist layer.

The number of the posts and their cross-sectiom ased to elevate the radiator

above the substrate should offer a mechanicalbyngtand rigid solution.

All these points are taken into consideration far &ntenna designs presented in this

thesis.
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3.3.2 Antennas Design Approach

Figure 3 - 7 illustrates the flow chart of desigmgedures. The design procedure
starts with determining antenna electrical and mayspecifications. The electrical
specifications include the frequency of operatithre return loss, gain, bandwidth,
beam width, and the polarisation. However, the mayspecifications include the
type of dielectric substrate and its thickness aizé. Once the specification and
limitations of the fabrication process are prop@&fined, the designer can select the
antenna configuration which will meet the antenpacgfications whilst taking into

account the design considerations.

The proposed antenna configuration usually comprisadiator, the feed

configuration and the substrate material. Thesearpaters of the antenna
configuration are the input data for the modellimgthod to calculate antenna
dimensions. The antenna model is then translatetheocomputer simulation

software. Outputs of the simulation software are ttesign parameters of the
antenna and predicted results in terms of retuss,loesonant frequency, input
impedance, bandwidth, radiation patterns, gain poldrization. When all these
parameters meet the required specifications, theenaa layout is sent for

fabrication and then measured. There may be ardiif®e between simulated and
measured results. One of the error sources isahecition tolerance of antenna
structures. Thus, to remove doubt, one must meaberactual dimensions after

the fabrication process and re-simulate the strecwith these new dimensions.
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[ Start ]

v

Determine design specifications:
electrical and physical specification

v

Select appropriate antenna
configuration with its initial dimensions

la
*‘ A

Create and simulate antenna model

A

v Change radiator dimensions to
find desired resonant frequency

Are required operation NO

frequency achieved?

Change radiator configuration to
find desired specifications

NO

Are all required specifications
achieved?

Fabrication and measurement of

Measure actual
dimensions and modify [
the antenna model

Are measured and simulated
results matched?

[ Stop ]

Figure 3- 7: Flow chart of antennas design methodology.
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3.4 Simulation Software

The simulation is an important stage in modern mmtedesign and saves time
and money before fabrication. It is an intermediatage between design and
fabrication. The simulation tool should be ableatwurately characterize antenna
performance and should also be able to simulatéhallantenna parameters such
as return loss and radiation pattern in all thengta with a high degree of
accuracy. Hence, the selection of the proper sitiariaool is a crucial task in the

process of realizing a printed antenna.

There are many electromagnetic (EM) simulationwgafe packages available for
use in antenna design, which use different numetashniques in the time or
frequency domain, and it is often difficult to detene which program will work
best for a given antenna geometry [78]. In ordestteamline the antenna design
process and generate accurate results before wypetotonstruction, it is
important to select an EM simulation program thatl wrovide an optimal
balance between a minimal simulation run time anchaximized correlation
between the simulation results and the experimedtth. High Frequency
Structure Simulator (HFSS) by Ansoft is used to igesand predict the
performance of the printed antenna, since it presid3-D full-wave
electromagnetic field simulation. HFSS is based Kinite Element Method
(FEM), it divides the geometric model into a largember of tetrahedral
elements. This allows the meshing of any arbit@dygeometry, such as complex
curves and shapes. Each tetrahedron is compodedinéquilateral triangles and
a collection of tetrahedra forms known as the &rdtement mesh. Each vertex of
the tetrahedron, components of the field tangentigdhe three edges meeting at
that vertex are stored. Figure 3 - 8 shows thadielement mesh for an elevated
patch antenna. The other stored component is theowvéeld at the midpoint of
selected edges, which is also tangential to a éamknormal to the edge. Using
these stored values, a vector field quantity sushthee H-field or the E-field
inside each tetrahedron is estimated. A first ortemgential element basis

function is used to perform the interpolation. Maetlg equations are then
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formulated from the field quantities and are lateansformed into matrix

equations that can be solved using traditional mizaktechniques [79, 80].

Figure 3- 8: Finite element mesh for a sample of 3D printed ramee

3.4.1 Theoretical Basis of HFSS

Once a mesh is created, basis functions are deforedach tetrahedra. The basis
functions,W,, define the conditions between the nodal locatiarthe overall mesh
of tetrahedral based on the problem inputs. Thislfasctions are then multiplied by

the field equation, which is derived from Maxwekguations, and can be written as.

[]x LXE —k02£E=O (311

K, r

The result is then integrated over the volume eftdtrahedron is

Lwnm]x[#ixéj—kgaré dv=0 (3.12)
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This is then processed using the Green and diveegigreorems and is then set equal

to the excitation/boundary terms.

L{(DXV\@)- (ix Ej—kjs, E}dV:.[S(boundargem) dS  (3.13)
H
The electric-field vector is then given as a sumomadf unknowns X, multiplied

by the same basis functions used in generatingiti@ series of equations.
E=Y X.W, (3.14)

The resulting equations allow the solution of timknowns, X, to find the electric-

fields. The general form of the expression is gitg

ZN: X, EEL{(D ><Wn){lui XWmJ - kozerWnWm}de = [(boundarytermg ds  (3.15)

S

Once the values have been calculated using thers@\second adaptive pass occurs
and HFSS compares the calculated S-parameters etoptévious mesh-based
solution. This process is repeated and the diffsrebetween the two solutions
calculated. This process is continued until theutsmh has converged to an

acceptable difference, usually 2% or less, thiadpeefined by the user.

3.4.2 Simulation Process Overview in HFSS

Models in HFSS are created relatively easily, by tiser or imported in a DXF,
GDS etc. file format. The various aspects involnedhe process of setting up

and running a simulation in HFSS is provided in fhidowing:
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1)

2)

3)

4)

Drawing: The key to successful use of HFSS for solving degteomagnetic
problem lies in the creation of the three-dimenalogeometric model of the
structure. The structure has to be visualized ago#Hection of two-
dimensional (2D) and three dimensional (3D) objeetch of which can later
be assigned a specific material or a specific baunds the need arises. Also,
it is critical to ensure that the geometry is am@e as possible, because a
more complex geometry would make the finite elenmaesh more complex,

which in turn would require higher memory and gega@PU time.

Assigning materials: HFSS creates a finite element mesh for each object
based on the material that is assigned to the sporaling object. Thus,
accurate assignment of materials is essential. HES8San extensive library of
materials but it is also possible to create newemals not contained within
the library. Creating your own material can be ukdbr investigating the
effects of changing certain material parameterschsas permittivity,

conductivity, dielectric loss tangent and magné&igs tangent.

Assigning boundaries: Among the various phases involved in setting up a
simulation in HFSS, assigning boundaries is the tnw#ical. Generally,
boundary conditions can be split into excitationsl @aurface approximations.
Most boundary conditions are used to define elesagnetic characteristics,
but a port is the only boundary condition that asoenergy to flow into and
out of a structure. There are many types of exomatpossible in HFSS, but
the main one used for the models throughout thsishis the wave port, since

it can be placed internally or externally and suppwmultiple modes of
transmission. Radiation boundaries and perfectlyched layers (PML) are
the main options to select the surface approximmatior the radiation

boundary.
Setting up the solution: HFSS is based on the finite element method for

performing calculations. This method is implemenbgdcreating a mesh that

breaks down a structure into small cells. Chooshm mesh parameters and
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selecting the frequencies at which the structurd @ solved are the two
most important parameters of setting up the sotuti@enerally, either the
discrete or fast sweep with meshing smaller thihnis used throughout this

thesis to obtain higher simulation resolution.

A major benefit of HFSS is that it is versatile ateh model all kinds of passive
structures and it can calculate the full three-disenal electromagnetic field of
the antenna and the corresponding S-parameterswgkhaccuracy [80]. Overall,
the software is useful because the real operativg@ment of the structure can
be taken into account. The simulation was carrietl wsing Dual Intel Xeon
3.20GHz Quad Core and 64 GB DDR2 800 MHz Quad CéarBD Memory PC

platforms.

3.5 Measurement System

Testing the antenna characteristics forms one efntlost important activities in
the whole process. Accurate measurement of a priatéenna is a considerable
challenge at high millimetre-wave frequencies. Mmer, of all the
measurements that is made of any kind of RF cir¢hé most difficult and least
understood are those of antennas. This is becdugssurrounding environment
plays a major role in determining the accuracy é tests being conducted.
Therefore, antennas should be tested only in eedi@cremoved from any objects

that may cause spurious reflections.

Usually, the typical tests of any antenna measunénsetup are s-parameter
(return loss) and radiation pattern parameters;dwaw in this project we were
not able to measure the radiation pattern becauseetsity of Glasgow do not
have an on- wafer G-band anechoic chamber. In these kinds of chamber do
not currently exist in commercial form. We tried baild this chamber but we
could not get all the components, hence we depandnatching between the
simulation and measurement s-parameters to validateenna designs and

simulation predictions. On-wafer one port S-paranemeasurements were
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carried out in the G-band frequency range usind\gitent PNA Vector Network
Analyzer with140GHzto 220GHzHeads and Cascade Microtech ground-signal-
ground high frequency coplanar probes wiflQum pitch size WR-05 waveguide
probes and an impedance standard substrate to filacemeasurement reference
plane at the probe tips and correct for any ermoithe measurement system. The
system is connected to a control computer runniagc@de Microtech Nucleus
software. This computer also runs the Cascade MictoWinCal software which
allows the configuration and management of measentsn In order to make
accurate on-wafer S-parameter measurements iretienrl40GHzto 220GHz it

is necessary to have on-wafer calibration standdralisare well defined at all the
frequencies of interest. Various strategies exastchlibration, such as the SOLT
(short, open, load, thru), LRM (line, reflect, miatcor LRRM (line, reflect,
reflect, match), but our system was calibrated gidine LRRM method with
alumina ISS standards placed on an absorbing magtevhich is recommended
by Cascade Microtech. The reference planes fombasurements were placed at
the probe tips. Measurements were made with thetgetke separated from the
wafer chuck by a 1Imm quartz spacer. This elimin#teseffect of the microstrip

line mode [81].

3.6 Conclusion

Printed antenna design is typically done throughmgigransmission line model

analysis to calculate the initial dimensions of thetenna and then simulation
software is used to predict antenna performandendainto account its desired

specifications. As highlighted previously, desigmols can greatly assist a design
engineer to create antennas with the desired resp@ombining this with accurate
test equipment, it is possible to fully characterand develop antennas for specific
applications. The 3-D electromagnetic simulatioritveare, HFSS, was used for
every antenna designed in this thesis. This soéweaas combined with a powerful
PC to increase the design accuracy through fineshing. A Vector Network

Analyzer was used to measure the fundamental pasasnased to characterize

antennas.
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4. Antenna Fabrication Processes

4.1 Introduction

There are several different technologies availdbieghe designer to choose from
and it is often not obvious which one is best slifer the intended application
and product. A new approach for fabricating printeicromachined antennas
based on developing elevated structure is introducethis work to fulfil the

fabrication process requirements.

This chapter aims to cover each of the fabricatemhniques relevant to the work
in this thesis. First, lithography processes anttepa transfer are summarised.
Next, metallisation and lift-off processes are adgwced. Gold electroplating is
then described and its process is presented. Fin&dbrication development
processes required for micromachined printed arsterare described in detail.
Antenna fabrication involves combinations of seVé@sic techniques, but a key
enabling techniques for the successful developroérhe fabrication process is
combining the photolithography with e-beam lithqgmg processes to create 3-D

structures.

60



Chapter 4 Antenna Fabrication Processes

4.2 Lithography

Lithographic processes involve the transfer of aigie onto a substrate that has
been covered with a thin film of radiation sengtimaterial, known as resist. By
exposing selective regions of this resist layematsource of radiation and then
developing it in an appropriate solution, a relrahge will be formed in the resist
(the developer solution etches away either the sago(positive tone) or

unexposed (negative tone) areas of the thin filsistg [83, 84]. The achievable
resolution of a lithographic system is thereforefimd by several factors

including the source and type of incident radiatzord the chemistry of the resist
exposure process. The radiation used must thushntagcresist film sensitivity,

and defines both the equipment and techniques dseithg exposure. Several
types of lithography (such as x-ray, optical an@éceion-beam) have been

investigated by the semiconductor industry [84,. 85]

In this research two types of lithography were usHtese are photolithography

and electron beam lithography.

4.2.1 Photolithography

Photolithography is the process of transferringngetsic shapes on a mask to the
surface of a substrate. It uses light to transfgeametric pattern from a mask to
a light-sensitive chemical photoresist. The phatsteis a liquid film that can be
spread out on a substrate, exposed with a desa#érp using ultraviolet UV
light, and developed into a selectively placed taj@ subsequent processing
[86].

1. Photolithography system

Basic photolithography uses a mask held in contaith the sample to be
processed using a vacuum, with UV light focusedodlgh a lens to ensure
coherence and uniformity of exposure. This systekmown as contact
photolithography, ensures optimal pattern tranffem the mask, but as a result

of the physical contact, carries a great risk ofsknalamage and sample
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contamination. As a result, the mask is generalgvated above the substrate,
which, though it removes any potential for damagecantamination, degrades
the achievable resolution as a result of diffracteasound mask features [86, 87].
The procedure was carried out on a MA6 mask alignoarsed in the in the James

Watt Nanofabrication Centre (JWNC) at the Universit Glasgow.

2. Masks Fabrication

The masks required for patterning the resist weeglenusing the e-beam tool.
Technical staff were responsible for the processhgnasks beyond the CAD
design and e-beam job submission. The process stedsof patterning a quartz
mask with chrome on one surface and e-beam resisop of the chrome. The
chrome was then etched away using a chemical wetiregf and then the
remaining resist removed in a barrel asher leattegoriginal pattern transferred
into the chrome. Multiple copies of the chrome reasbuld then be made using a
photolithography technique and ferric oxide (iroride, FeOs) coated quartz
plates (ferric oxide being opaque to UV light) [88]

3. Photolithography Resist

Two type of positive tone photoresist have beendusethis work, which are
S1818 and AZ4562 and they are spun at differenedpdepending on the
required thickness. A schematic diagram of the qlitbbgraphy process and

details of the steps are shown in Figure 4 - 1.
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Photoresist spin coating Mask alignment and Developing the pattern

Figure4-1: A schematic diagram of the photolithography psse
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1)

2)

3)

4)

Photoresist Spin Coating: The sample was held on a spinner chuck by
vacuum and photoresist is poured on the sampleshwilsi then set to high
speed rotation, spreading the resist in a thinrlayi¢h a highly uniform
thickness. Typically, the sample spun f80-60 seconds at a rotational
speed 0f1000-6000rpm The thickness of the resist after spin coating is
inversely proportional to the speed of the spintepand time of the

spinning.

Baking of the Photoresist: The common procedure for drying out almost
all of the solvent from the photoresist is to bake sample in an oven at
90°C for 20 minutes. Baking decreases the thickness of theopésist and
makes it sensitive to ultraviolet light.

Mask Alignment and Exposure: One of the most important steps in the
photolithography process is mask alignment. Theknssligned with the
substrate, so that the pattern can be transferntd the wafer surface.
Once the mask is accurately aligned with the pattem the substrate
surface, the photoresist is exposed through thieabn the mask with a
high intensity ultraviolet light. Usually, the exgiag time depends on the
type and thickness of the photoresist. Exposingsdumple to ultraviolet
light will create both exposed and unexposed postiof photoresist. The
areas that are exposed to the ultraviolet light wildergo a chemical

reaction.

Development: Photoresist development entails washing away tip@sed
resist so that the pattern will be fully developamd it is immediately
followed by the removal of the solution by spraysivaExposed areas of
S1818 photoresist were then developed in a mixafrélicroposit and
H,O and a mixture of AZ400K and,B® was used to develop the exposed
area of AZ4562 photoresist.
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4.2.2 Electron Beam Lithography

Electron Beam Lithography (EBL) refers to a lithaghic process that uses a
focused beam of electrons to form the patterns eeednlike photolithography,
no mask is required; instead the pattern datali tvely in software on computer
which is used to control a finely focused beamlet&ons and writes the desired

pattern on a substrate coated with resist [88, 89].

1. Electron Beam Writing System

The principal components of a typical EBL machime autlined in Figure 4 - 2.
The electron gun generates the beam of electratsigtused to write the pattern
on the substrate. The electrons are usually ethitfyeheating a tungsten filament
to provide sufficient energy for electrons to ovame their work function barrier.
In addition, the electron gun will normally incomade two or more electrodes to
control the emission properties of the electronreseuThe diameter, profile and
direction of the electron beam are precisely cdigdoby electron optics within
the column, whilst accurate sample alignment isieasdd by fine control of the
stage positioning mechanism within the chamber.if@upperation, the vacuum
system maintains a constant pressure throughoutcthemn and at the gun
assembly and also controls the pressure changesiredqfor loading and
unloading samples. The supporting electronic systsupply power and transmit
the signals that regulate various components througgthe e-beam machine and

the entire system is managed by a master comp8ifei8g].
In this work, a Leica Electron Beam Pattern Germrét (EBPG5) was used to

fabricate the masks. Also a newer Leica VB6 UltriglHResolution Extremely
Wide Field (UHR EWF) was employed for all otherpste
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HV power gun supply
Gun and gun control
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Master computer
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Figure4 - 2: A simplified diagram of a typical e-beam writingssgm.

2. Pattern Definition

The e-beam lithography tool can write large patdmm conjoined small fields.
However, the large area structures must be splid shapes realisable by the
pattern generator. To achieve this, the fractucgss breaks large shapes into
trapezoidal subshapes which can be realised wétsnbfield and potentially into
larger fields for stitching. After creating a pattefile in the CAD software
proprietary format, it is usually exported in thaivwersal GDSIl (Graphical
Design System II) format. Commercial fracturing locsuch as the CATS
package are used to fracture the pattern intodradtfiles, as the format required
by the e-beam tool. The layout of these fracturkss fcan then be specified using
a command file which instructs the control computerexpose the fractured

patterns with a given sample size, dose, beamagideresolution. These files are
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created using the BELLE (Beam-writer Exposure Laydar Lithographic
Engineers) software tool developed at the Universit Glasgow [90]. Further
layers can be aligned relative to the first metallion layer to produce multi-
level devices. This is generally done by scannimgthe edges of a marker of a
specified size relative to an easily found largatdee at a known substrate
location. The Belle file contains information abadire relative position of the

new pattern to the original metal layer allowinga@te registration [88, 91].

3. Electron Beam Lithography Resist

Electron beam resists are normally coated on thepkato record the image of the
pattern to be transferred. It is usually high malac-weight polymers with long
chains. The long polymer chains are broken by teeten beam, this reduces the
average molecular weight and hence the chains becwtuble in a developer
which selectively removes shorter chain length moles. A solvent developer
selectively washes away the weakened or lower mtdeaveight resist, thus a
pattern is formed in the resist layer. The develepimtime and temperature
strongly influence pattern transfer, and have aeraction with the exposure dose.
In general, raising the developer temperature as®e resist solubility, resulting
in faster pattern development. There is a timeyaksociated with the chemical
processes of development and development is notettrately complete on
introduction into the solution. As a result, dey@ig for too short a time will
leave a portion of the exposed resist on the satestwhilst developing for too
long will further erode the resist exposed by baeki®ring, resulting in
enlargement of the pattern. There is therefore gtmal development time for a

given exposure dose [92].

For this project, the e-beam resist of choice wady-methyl methacrylate
(PMMA) which has excellent resolution and is easy grocess. PMMA is
available in a variety of molecular weights and bhawide processing range [89,
93]. A bi-layer e-beam resist system was used tmyee an undercut profile to
enhance the lift-off process. To facilitate cormidtand effective metal lift-off

with PMMA, two layers are spun and baked conseeljivThe lower layer is a
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higher concentration and lower molecular weightistesolution. This makes it
thicker and more sensitive to e-beam dose. The rulgyer is thinner and less
sensitive. The result is that for a given dosel#tteral dimensions of the exposed
region of the lower layer will be larger than thosiethe upper region and the
lower region will be thicker than the upper. Thisves the familiar lip and

undercut of the resist lift-off profile. The resigrofile is dependent on a
combination of concentration and spin speed (iasist thickness), molecular
weight (sensitivity to dose), e-beam dose, develafkition and development
time. PMMA resists are generally developed in metkgbutyl ketone (MIBK),

diluted in isopropyl alcohol (IPA) [84, 93, 94].dtire 4 - 3 shows the pattern

transfer process in a bi-layer resist system.

E-beam source

Figure 4 - 3: Pattern transfer processes in a bi-layer e-beaist regstem.

4.3 Metallisation and Lift-off

In the fabrication of antennas, the metallisatioacpss is employed to form the
antenna ground plane. Generally, metallisation ¢hieved by providing a
patterned layer of resist material and depositingaaket layer of desired metal.
Unwanted metal is then removed by dissolving thesteand lifting off the metal.
Depositing metal onto samples can be carried oustdueral different ways
including thermal or electron beam evaporation symattering [87]. Electron beam

evaporation was the main method employed in thikwo
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4.3.1 Electron Beam Evaporation System

Evaporation techniques rely on the heating of aafthetsource to a temperature at
which it vaporises. All evaporation processes d¢ardfore be considered thermal.

Electron beam evaporators locally heat the metialguslectronic beam.

The electron beam is produced using a high acdeigraoltage applied between a
thermionic emission filament and the crucible, whiacts as the cathode. The
beam can be focussed on the metal surface and asnsequence of the
interactions of the accelerated electrons withrtiedal; it is heated locally at the
focussed spot. In thermal evaporators, there is phbssibility of metallic
contamination by evaporating the crucible if itsltimg point is similar to the
target metal. In e-beam evaporators, as a consequdrihe local heating, there is
no possibility of such contamination, yielding almipurity deposited film. Only
the locally-heated region of the metal is evapatratehilst the rest of the water-
cooled source remains solid. There are, in additisually two shutters between
the source and target. The purpose of these igdteg the sample from rate
fluctuations during initial heating. When the evegtn rate is sufficiently stable,
the source shutter can be opened, and the rateottedtusing monitoring of the
oscillation frequency of a quartz crystal and ctbdeop feedback. When the
desired rate is reached, the upper substrate shugte be opened, exposing the
sample to the evaporated flux [91]. Figure 4 - Besuatic diagram of an electron-

beam evaporator system.
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Figure 4 - 4 : Schematic diagram of an electron-beam evaporagiesy.

All evaporation processes must take place unddr tidguum in the range dafo®
to 107 Torr, since at these pressures, the evaporatirtgl rflex has a mean free
path greater than the distance to the target. Aesalt, there are few collisions of
the metal whilst in flux, resulting in a highly dttional metal coating on the
sample, holder and chamber. Consequently, evapbrfiltes are highly non-
conformal to sample topography, since the incideetal flux is usually nominally
normal to the surface.

Electron-beam evaporation processes were usedsmwitirk, using Plassys MEB
450 Electron Beam Evaporatd?l@ssys ) and a Plassys MEB 5508Bléssys ).
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4.3.2 Metallisation and Lift-off Process

When the bi-layer resist sensitivities, exposuaied development processes are
correctly chosen, the resultant resist profile $thdae undercut, with the bottom
layer more developed than the upper. As a ressifjgua directional evaporation
process, the deposited metal film will be discombins at the edges of the exposed
resist areas. In the exposed regions, the metidpssited on the substrate; in the
masked areas, the metal is deposited on the r@&sjisthen soaking the sample in
solvent, the resist can be dissolved, removingnietal deposited on top of the

unexposed regions [95]. Figure 4 - 5 shows this@ss.

For high reliability, the deposited metal thicknesast be less than the thickness
of the bottom layer of resist. Prior to the metaltion, a sample was deoxidised by

dipping shortly in a dilute solution of hydrochloracid (HCI) in RO water.

b) Deposit metal layer using Plassys

a) De-oxidise sample using (HCI:H,0)

ldeded ludded

c) Lift-off in warm acetone

Figure 4 - 5: Metallisation and lift-off process
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4.4 Gold Electroplating

Electroplating or electrodeposition is a platinggess that uses electrical current
to deposit a desired material from a solution aoat@ conductive surface with a
thin layer of the material. Adherent metal filmdseposited electrochemically by
reducing a dissociated metal salt onto a negativefsed electrode. Standard
electroplating solutions exist for a range of m&tahcluding all noble metals.

Electroplating is usually used when very thick lagé metal is needed to deposit.
A dc electrical current in this technique is usedréduce the positive ionic of a
desired metal from a plating solution and coat mdcetive object with a thin layer

of the metal. The anode and cathode in the elelttiog cell are both connected

to an external supply of direct current [96].

In many 3-D structures fabrication the use of geldctroplating is preferred

because of its excellent corrosion resistance,esalility and bondability and its

high electrical and thermal conductivity [97, 98In this research gold

electroplating is used to form the elevated radsatf the antennas, air-bridges
and elevated transmission line feeds. It is alslue fabricate beam cantilever of
the MEMS switches.

4.4.1 Electroplating System

Figure 4 - 6 shows a schematic diagram of elecatopy system which is used in
this work. The anode is connected to the positieeninal, and the cathode
(sample to be plated which is mounted onto the eopggate using wax and
connected electrically to copper plate using silpaint) is connected to the
negative terminal of a dc power supply. The plattfiycurrentl, can be set by

using this equation [95].

Plating Current (mA) = (sample holder area — samatea) mmx 0.013 (4.1)

The cell is then filled with a gold plating solutido a level that would cover the

cathode. Thermostatically controlled water bath aseally operated ned&0°C,
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and the plating solution is agitated by a stirradgie. When the external power
supply is applied, the metal at the anode is oridiiirom the zero valence state to
form cations with a positive charge. These catiassociate with the anions in the
solution. The cations are reduced at the cathoddepmsit in the metallic, zero

valence state.

Stirrer paddle

Electroplating
solution

Thermometer H i —

—
L
o

&) & \ -

) &) ,}node

Holder
——

Thermostatically Controlled

Power supply Sample Water Bath

Figure4- 6: A schematic diagram of electroplating system.

4.4.2 Electroplating Process

The gold electroplating process is shown schemlgtica Figure 4 - 7. In this
process, the substrate is typically covered wittead layer of conductive metal,
which acts as the plating base and an underlyingesidn; also it prevents
contamination of the plating solution (barrier lgyeTypically these metal seed
layers are deposited using sputtering or evaparatiche seed layer for gold
electroplating usually is a two level metallizatiench as Ti/Au or NiCr/Au for
good adhesion. The substrate is then patterned avigfhotoresist, and gold is
selectively electroplated into the resist-free are&ollowing plating of the
structures to the desired thickness, the photdresssk is stripped and the metal

plating base is removed by wet etching [97].
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Figure 4 - 7: Gold electroplating processes.

4.5 Sample Preparation

The antennas are built on a SI-GaAS wafer with lassate thickness d33Qum
and a dielectric constant 42.9 The wafer was scribed using a diamond-tipped
scribing tool (rather than a pen) to keep the aizé shape regular, and each single
50mm diameter Sl-GaAs wafer scribed a differente dimsed on the designed
pattern. All scribed substrates are cleaned befalsequent processing to make
sure that it is free from dust. An ultrasonic cle@nbath was used to clean the
samples through the mechanism of cavitations. éetane is the ideal solvent to
clean organic contaminants from a sample. It i®@yanic solvent and hence will
not react with any of the materials used in printadenna fabrication. Further
ultrasonic bathing in isopropyl alcohol IPA andrhee reverse osmosis (RO) water
rinse to remove any polar contaminants complete ghtecedure. Finally, the
sample is dehydration baked in120°C oven to ensure that any water on the

sample will be evaporated out.

4.6 Fabrication Process of 3-D Printed Antennas

Printed antenna fabrication makes use of many eftéthniques covered in this
chapter; specifically lithography, metallisationdaelectroplating. The antennas
went through several fabrication steps and expeeemas accumulated through
repeated fabrication and testing. In this projéleg pattern definition of antenna
ground plane is generally carried out using electb@am lithography, for its
flexibility in addition to its superior pattern deition characteristics. Elevated

structures realisation combines numerous indivigwatess steps. Also, for good

73



Chapter 4 Antenna Fabrication Processes

antenna performance, the fabrication process ofttienna should be considered
in the antenna design. This section will aim toadid&® the main purpose of each

step to fabricate antennas.

4.6.1 Fabrication Process for Two Level Elevated An  tennas

The fabrication of two level antennas is basedlmn development of a airbridge

process [95, 99]. Figure 4 - 8 shows the fabricapimocess.

The first stage of fabrication is to define theeamta ground plane by e-beam
exposure and development ofLéum thickness of PMMA bi-layer, followed by
electron beam evaporation and lift-off os@nm/1.2umnthickness nichrome/gold
layer. This is the stage where accurate pattemmstea is most important as the
photolithography and e-beam markers must be aceyraeproduced to ensure
that the alignment of subsequent layers is corf@ate is also taken at this stage to
mitigate any stitching errors arising from tilt the sample during pattern writing,
by cleaning any traces of resist residing on theklsurface after spinning. These
could lead to the alignment markers being misplag&l respect to the centre of
the pattern. Following this, the elevated structu(elevated radiators, elevated
feeds and air-bridge tracks) are realized usingralrer of gold posts which offer
a strong and rigid mechanical performance. Thesaspare defined in AZ4562
photoresist followed by backing and exposure. Thiekhess of photoresist will
determine the height of the elevated structurese fickness can be varied as
required for optimum antenna performance by usiifer@nt spinning speed.
Table 4.1 shows the measured thickness of spun 8Z4otoresist above the

antenna ground plane at different spinning spee80csecond

74



Chapter 4 Antenna Fabrication Processes

Table4.1: Measured thickness of AZ4562 photoresist abovegtbend plane

Spinning speed for 30second Thickness of AZ4562 resist
6000rpm 3.7um
4000rpm 5.5um
3000rpm 6.2um
2000rpm 8.1um
1500rpm 10.5um

The sample is now ready for developing in the rdtid (AZ400K:H20) and
ashing in a dry etching machine.5®nmTi (titanium) layer and 10nm Au plating
seed layer was then deposited using the Plassys EIE&ron Beam Evaporator.
The Ti layer provides adhesion for the patch captaad the 10nm Au layer
prevents the Ti layer from oxidising. #A0nmlayer of gold was then sputtered to
provide electrical contact for the subsequent ebdptating. Next, elevated
structures were formed i2um thickness of S1818 photoresist followed by
exposure and development and ashing in dry etchiaghine. Following the
structures were electroplated with gold, which ane almost filled by the
thickness oum onto the seed layer. For large cross section @fréfze posts2um

of plated gold is not enough to fill all the holeeas of the posts. This fact affects
the antenna performance and fabrication yield.r&steps are required to full the
posts with gold, which are: spinning a thin lay&€rSd818 potoresist followed by
exposure using the posts mask and developmentwhbé areas of the posts are
electroplated with desired thickness. The top layfephotoresist was removed by
a flood exposure and development. The seed laysrthen etched away in gold
etching for 5 seconds to remove the Au followedlbgtch in4:1 buffered HF for
30second. Finally the bottom layer of AZ4562 is remd\by a flood exposure and

development. Figure 4 - 9 shows SEM photo for teacel structure.
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Figure 4 - 8: Fabrication process of two level antennas.

Figure4 - 9: SEM photo for two level structure.
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4.6.2 Fabrication Process for three Level Elevated Antennas

This section explains how to fabricate three leartenna structures using the
photoresist as a sacrificial layer and four maskseld on development a standard
air-bridge process. Figure 4 - 10 shows the prodkss used to fabricate the
antennas. The desired structure has three levdisight; the first level consists of
the antenna ground plane, then the elevated fewdorie and finally the radiator

patch and air-bridge track.

The first two levels (ground plane, feed networkd huilt with the same process,
which have been discussed in the previous sectitrere the feed height above
the ground plane can be varied as required fomapti antenna performance by
changing the thickness of the first AZ4562 photmtesayer. Since there are
several steps of lithography required, markersrageired in each layer to align
following exposures to the first. These markersumeally several microns in size,
used in an edge location search to establish me¢erpoints across the plane of the
substrate. Before fabrication of the third levearsd, the top layer of S1818
photoresist and the seed layer have to be remdMesl first layer of AZ4562 and
the feed network structure are covered by AZ4563t@iesist layer, which is
exposed and developed to form the radiator postepet The height of the
radiator is determined by the total thickness of first and second layers of
AZ4562 photoresist and it can be varied as requif@d optimum antenna
performance by changing the thickness of the secesidt layer. The other steps
of the third level which are employed include pHithmgraphy and electroplating
techniques, which are used to form the two levelcttires. Figure 4 - 11 shows

SEM photo for three level structure.
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Figure 4 - 10 : Process flow used to fabricate three level antennas
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Second level

Second level

Figure4 - 11: SEM photo for three level structure.

4.7 Conclusions

The development fabrication process provides a mathod for 3-D multilevel
structures without etching the substrate. Also, ltbgght of the elevated antennas
can be specified in the process and can vary bgraéwmicrons, regardless of the
substrate used. This can be used to further enhidwecantenna bandwidth when
we cannot change the substrate thickness for the shthe rest of the module
circuits. Thus, the elevated antenna can meetrdifteapplication requirements
and be utilized as a substrate independent soluBoid was used as a metal since
it is widely used owing to its performance and lmsistivity characteristics. For
the substrate, GaAs material is used, althoughptbeess is compatible with the
integration of other RF components onto differambstrate materials, facilitating
the application of this antenna in fully integrat8tMICs. This novel process
techniqgue may play an important role in the falrara of the state-of-the-art,

reliable micromachined devices.
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5. Micromachined Elevated Antenna Designs

5.1 Introduction

To increase the performance of millimetre-waveays, an antenna with high gain,
broad bandwidth and fully integrated with MMIC ailty is required.
Micromachined elevated antennas, which will presanthis chapter, are highly

valued for their ability to provide such charact#as for these systems.

Antennas are designed as a single element at G{td0GHzto 220GH2 on a high
dielectric substrate, taking into account manufaectutolerances and measurement
facilities used in testing the functionality of tlemtennas. The first part of this
chapter discusses several new feeding mechanismegldéwated micromachined
printed antennas. CPW and elevated feed lines weee as they offer a greater
degree of freedom for the elevated antenna deBigferent, new, configurations of
elevated printed antennas with different feedirghtéques have been also designed
during this work. Other antennas are under invastig and their configurations are
shown in the Appendix A. The investigated antenmafigurations include: elevated
rectangular patch antenna, CPW fed elevated bowsitenna, proximity coupled
elevated patch antenna, EC-CPW fed elevated patem@a, and EMS fed elevated
overlapped patch antenna. The end of the chaptereatrates on new designs for
three level patch antenna structures. Simulatiah mpasurement results for basic
antenna parameters such as return loss, bandwédit, radiation pattern are
presented and demonstrate the feasibility of G-lmaledomachined antennas on high

dielectric substrates.
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5.2 Feeding Mechanisms of Elevated Printed Antennas

The increased interest in the monolithic integmatad antennas with RF circuits
has led to many new configurations with differeaeding techniques. For good
antenna performance, a low loss feed is desirablee sthis will provide better
radiation efficiency. New feeding mechanism techeis| for elevated
micromachined antennas are proposed in this relsdarcthe first time. These

techniques will be discussed in this chapter.

5.2.1 Coplanar Waveguide CPW

A coplanar waveguide CPW is the first feeding mexém we studied in order to
feed elevated micromachined antennas. This is Isecau CPW structure has
many interesting advantages over conventional tngsson lines at millimetre-
wave frequencies [3, 57, 100], as we discusseceatian 2.7.1 chapter 2. Two
methods have been introduced in this work to fee@drmtenna using a CPW line.
Firstly, an elevated antenna radiator is excitedfdgding a metal post directly
connected with the radiator, and it also verticatlgunted at the end of the centre
conductor of the coplanar waveguide (CPW) line undath the radiator. A
second method is to indirectly excite the radiatéere, the antenna radiator is
excited by electromagnetic coupling using a slotrfed in the ground plane and
connected with the end of the CPW feed line.

In both methods, the centre conductor witltrand the gajs between the centre
conductor and the ground planes of the CPW wereigded to have a
characteristic impedance d&0Q to couple the antenna effectively with the
measurement system. The CPW dimensions are cadulasing LineCalc in
Agilent ADS and optimized with Ansoft HFSS simutati sofware as follows:
W/S=2Qum/15:m. Also, in order to obtain compatibility with theemsurement
system, &60Q2 CPW taper probe padW/S=6Q:m/4Q:m) is required in the antenna
design to provide a smooth transition between e different line geometries.
Figure 5 - 1 shows the configuration of the CPWdfe®echanism connected with

feeding post.
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Figure5 - 1: Configuration of the CPW feed mechanism with feedoogt.

The main advantage of this mechanism is that tedifg post or the feeding slot
can be adjusted to an appropriate location to otdasuitable input impedance of
the antenna. Therefore, the antenna can be direc#iiched to various input
impedances, and thé4 impedance transformer which is used in the edgdife
method is not required. Furthermore, a CPW feea locan be optimized
separately like aperture coupled antenna and hdreeeed for a compromise

between radiation and propagation requirementsheaavoided.

However, for CPW at frequencies6@GHz 1/4 >> substrate thicknesgnormally
100-65@um) and the dimensions (ground-signal-ground) <<sgalbe thickness,
the substrate moding effect is found to be neglaiblence, dielectric and metal
losses are the only dominant factors to be consttlavhen characterised. At
millimetre-wave frequencies above@l0GHzthe above mentioned conditions do
not hold, substrate thickness comparablel/tband CPW dimensions (ground-
signal-ground) comparable to substrate thicknehss flesults in a strong moding
effect and high dielectric loss which must be takeio account for deep
millimetre-wave antenna and packaging [13, 58].0Ahe CPW line suffers from

limited usable impedance ranges. This is due tdabethat the line losses of the
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CPW line tend to increase rapidly at low-impedarmmed at high-impedance
extremesFurthermore, CPW suffers from the excitation of gagasitic slot-line
mode at asymmetric discontinuities like bends angunttions. This mode
propagates at a different velocity from the dominewen CPW mode and causes
more radiation to free space - as shown on Figure25- a. The conventional
method for eliminating the unwanted mode is the ofair-bridges to equalize
the ground planes along the feed line as showngargé 5 - 2 - b [58, 101, 102].

CPW mode Slot- ling mode Air -bridge

a) CPW without air-bride b) CPW with air-bride

Figure5 - 2 : Excitation of the parasitic slot-line in a coplaneaveguide.

5.2.2 Elevated Transmission Lines

Low loss transmission lines are one of the mostargnt components for
extending the frequency limits of the planar antnrConventional CPW on high
dielectric substrates at G-band frequencies suffien® many drawbacks as we
explained in previous section. To improve the pperformance of conventional
CPW, there have been attempts to reduce the logkeofransmission lines at
millimetre-wave frequencies by using elevated $raission feed lines [3, 66, 81,
103, 104].

The elevated feed lines structure offer severabathges such as [12, 66, 105]:
First, they enable the realization of high-impedathoes without reducing their
widths, thus, minimizing the dependency of the ciee on the manufacturing
tolerance and reducing the conductor loss. Sectral,area above the ground
lines can be utilized to form metal insulator metapacitors, to load the elevated

lines without increasing the chip-area. Third, thdeed topologies effectively
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eliminate undesired substrate moding effects (serf@ave) at millimetre-wave
frequencies, since most of the electric field isfored in the air between the
elevated line and the ground plane, rather tharthénsubstrate. Finally, using
elevated transmission lines can reduce the assac@dpacitive dielectric losses
and associated energy lost through Joule’s healti@gause of propagation region
is air which is gives the lowest capacitance.

Two kinds of elevated feed line structures wer&aty proposed in this work to

overcome the problem of high losses that are foumdconventional CPW

implementations. This is a new feeding mechanismetevated micromachined
antenna and presents, for the first time, more ekgyrof freedom for antenna
design. These two kinds of elevated feed linesEesxated Conductor Coplanar
Waveguide EC-CPW and Elevated Microstrip EMS lifiéne configuration of

these feed lines is shown in Figure 5 - 3.

Elevated conductor Propagation region of EM wave
/ Ground plane / \
| 7
Post /%—vﬂ' O O U

Substrate Side view

a) Elevated conductor CPW line EC-CPW

’ Rectangular slot
EMS line Propagation region of EM wave

T o / ‘ \77—1\“ ‘

a7 D) [OF

Side view

b) Elevated microstrip line EMS

Figure5 - 3: Elevated feed lines configurations (EC-CPW and EMS)
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The centre conductor of the CPW was elevated ablowesubstrate by using gold
posts of20x20um? cross-section and a height 5fum. Similarly, the elevated
microstrip was elevated in the same way with thestpopositioned within
rectangular slots 0c25x25:nm? in the ground plane. The input impedance of these
feed lines can be set by adjusting the height, wadtthe signal line trace and the
gap between the signal line and the ground planes.

The measured insertion loss®sg of the conventional and elevated CPW lines are
shown in Figure 5 - 4. The EC-CPW dimensions ateutated using LineCalc in
Agilent ADS and optimized with Ansoft HFSS simutati sofware as follows:
W/S=26im/1lum. Both transmission lines, elevated and conventjonave the
same length ofl.5mmand characteristic impedance %Q and with the same
ground size, so that a valid comparison can be mAdeshown in Figure 5 - 4,
ECPW line shows an improvement in loss across Gieaguencies region. For
example, the conventional CPW loss220GHzis about8.4dB while EC-CPW
has an only6.8dB The reduction in loss is attributed to the schegrof substrate
loss for EC-CPW structures, since most of the eledield is confined in the air
between the elevated line and the ground plankerahan, in the substrate. This
shows that the elevated feed structures are méiesit than conventional CPW
for antenna feeding at G-band, and they can off¢émable advantages of a variety

of feed lines configurations and layout flexibility

dB
A

— EC-CPW

140 180 160 170 a0 140 200 210 220
GHz

Figure5- 4 : Comparison of measured losses for CPW and EC-CP#fasction of frequency
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5.3 Elevated Rectangular Patch Antenna

A class of micromachined printed antennas thatpamicularly well suited for
operation at G-band frequencies are elevated patbébnnas. An elevated patch
antenna in its simplest form consists of a rad@mpatch elevated over a ground
plane using posts on one side of a dielectric satest The radiating patch could
be of any arbitrary shape, but a rectangular patal chosen in this design to
provide linear polarization, broadside radiationdaease ofanalysis and
understanding of the elevated antenna charactisiihe antenna is fed using
CPW connected with a feeding post [12-14].

5.3.1 Antenna Design

The configuration of antenna design is shown inuFeg5 - 5. To reduce the
dielectric substrate loss, the rectangular patcalevated above a CPW ground
plane by gold posts. By elevating the patch, therama topology effectively will
create a low dielectric substrate since the antesutsstrate is essentially air,
which is the lowest possible dielectric constanhisTwill help increase the
radiation efficiency, gain, and the bandwidth. Tpetch height is chosen after
considering the following factors: first, the greathe elevation, the greater the
bandwidth. Secondly, the more elevation, the maffécdlt the fabrication is and
the more fragile the micromachined structure wél B height of5.5umis a good
choice taking all of these concerns into accounsoAthe number of gold posts
and their volumes were determined considering thdet-off between electrical
performance and mechanical robustness. A large eurmbposts would offer a
stronger and more rigid mechanical performancénateixpense of an increase in
back lobs radiation and difficult to match. In thdesign, the smallest possible
number of posts, while maintaining mechanical rabess, is decided as eight;
one gold supporting post is used for each patchexesind one for each middle
point of the patch length edge. In order to de@geropriate dimensions for the
antenna and an optimum design, investigation wasfopeed using the
simulation software HFSS. The effects of differeadpects of the antenna

structure on the response will be determined inftlewing section.
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Feeding post

Air -bridge

Ground plane

Figure5- 5: Configuration of rectangular elevated patch antetesign.

Radiating Patch Element

The physical specifications and operation frequeaicthe elevated patch antenna
have been determined based on design consideratioich have been discussed
in chapter three. The initial dimensions of thevated patch werd x W =
0.74um x 0.85%m, which were calculated based on transmission firede
equations (see section 3.2.1) at the desired frexyuelhe antenna configuration
then optimized using HFSS simulation software. @h&nna operating frequency
is determined mainly by the patch lendthwhich generally is in the range of
0.3333p < L < 0.5y, where iy is the free space wavelength at resonant
frequency. The elevated patch is designed and apohto resonate at G-band.
The final size of a prototype patch whsx W = 746um x 806&:m with 5.5um
height and2um thickness.
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The height of the patch has an impact on the regofraquency and antenna
radiation performance. For example, increasingpéeh height will enhance the
fringing fields from the patch radiating edges;sthwill reduce the antenna
resonant frequency and increase the antenna ghendé&creasing in the resonant
frequency comes from increasing the effective largjtthe patch. Also, the input
impedance locus shifts in the right direction oa 8mith chart implying that the
impedance is increasing. The increasing in the inaag part of the antenna input
impedance comes from the antenna itself as thecdapae underneath the patch
becomes less with increasing the patch height, edsethe increasing in the real
part (resistance) comes from increasing of fringireyd between the patch and
ground plane. Further, increasing the patch heightallow more space between
the ground and the patch. The more space for gfaimergy makes the antenna
wider bandwidth. Figure 5 - 6 shows the effect lué patch height on the input
antenna impedance. However, too large a patch hewjhincrease the cross
polarization level because of the increase in thetg length, which act as a
monopole antenna underneath the patch whose radiaticreases with the
increase in its length.

Ansoft Corporation XY Plot
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Figure5 - 6 : effect of the rectangular patch height on the améeimpedance.
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The patch width has also an important effect or@mé performance, which can
be increased to enhance the fringing fields from platch radiating edges. As a
result, the antenna gain and bandwidth will be eased, and also HPBW (half
power beam-width) at the H-plane will increase veaer it remains almost the
same in the E-plane. However, increasing the patatth too much leads to
excited higher order modes and a square patchtsesuthe generation of high

cross polarization level as explained in sectich13.

Feeding Mechanism

The patch is fed by a gold feeding post connecteal CPW feed line on gallium
arsenide (GaAs) substrate. The feeding post iseplas the middle of the width
of the patch to avoid the excitation of the orthogloTMy; mode. For the
fundamentalTM;o mode, the impedance of the patch varies from a zalue at
its centre to the maximum value at the radiatingesd By tuning the elevated
patch antenna to the desired frequency, the feepasy must be located at that
point on the patch where the input impedance isabt 502 at the resonant
frequency. Hence, a trial and error method is usedtlis design to locate the feed
point using HFSS simulation software. For differéatations of the feed point,
the return loss (R.L) is compared and that feedtpisi selected where the R.L is
the highest. A perfect match with&Q feed line is obtained &at93um off the
patch radiating edge.

Ground plane

The ground plane has to be large enough to rediftraadion of the edges for
reducing ripples in the main pattern and backwadiation, and to shield the
antenna from the underlying elements and vice veiidee transmission line
model is applicable to infinite ground planes onktiowever, for practical
considerations, it is essential to have a finiteugnd plane. It has been shown by
[9, 24] that similar results for finite and infieitground plane can be obtained if
the size of the ground plane is greater than théchpadimensions by

approximately six times its height all around theriphery. Hence, for this
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design, the ground plane dimensions were chos&¥sag Ls = 1.5mm x 1.65mm

with 1.2um thickness of gold to reduce the antenna ohmicel®ss

The antenna was built on a GaAs substrate withbstsate thickness of 63
and a dielectric constant of 12.9. The two leveleana process, which is based
on air-bridge process, was used to fabricate therawa. Figure 5 - 7 shows a
SEM photo of fabricated antenna which has been uredsto evaluate its

performance.

Figure5- 7 : SEM photo of fabricated elevated rectangular pattfenna.

5.3.2 Analysis of Results

The measured return loss of the elevated patchmaates plotted along with the
simulation results in Figure 5 - 8. The measuremestlt shows good agreement
with simulation in the return loss betweg&#0GHzand220GHzfor the proposed

antenna. The slight shift in resonant frequency banattributed to the small
geometrical disparity between the fabricated psgietand the simulated one.
However, this can be easily overcome in an industgnufacturing process

where all of the fabrication conditions are optiedzfor a specific process. The
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measuredl0dB bandwidth is aboufGHzfrom 170GHzto 177GHzat 172.5GHz

resonant frequency.

RL(dB) °7]
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Simulated

L L L L L B L L L L L L B
140 145 150 155 160 165 170 175 180 185 190 195 200 205 210 215 220
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Figure 5 - 8 : Simulated and measured results of elevated pat@naa return loss.

The proposed antenna demonstrates a nearly syncadedrnid broadside radiation
pattern with low side lobes over its bandwidth. cginthe elevated patch antenna
radiates normal to its patch surface, the elevagiatiern fore = 0° (XZ-plane)
and® = 90 (YZ-plane) would be important, therefore Figure 9 shows these
planes at the resonant frequency. The maximum aateain is2.6dB with 3dB
beam width of 64° in the XZ-plane and 59° in the-MZne. The gain diminishes
slowly towards the edges of the antenna bandwaitt,falls sharply for frequencies
out-of-band. It is postulated that this is due ignsicant surface-wave generation
outside the impedance bandwidth of the antennheagnergy is no longer strongly
coupled to the parasitic patch element. Anotherc¢ffof this surface-wave

generation is the high out-of-band return loss-€5 dB.
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Ansot Corporation Radiation Pattem
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Figure5-9: XZ and YZ plane of patch antenna radiation pat(gain).

Also, the pattern is found to be stable acrosswhele bandwidth of the antenna
with a front-to-back ratio 08 dB (worst case) and efficiency 80.23%.Figure 5
- 10 shows the simulated 3-D radiation patternh& &ntenna directivity at the

resonance frequency.
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Figure5- 10 : 3-D radiation pattern of elevated rectangular patetenna directivity.
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The antenna scheme offers an easy method to inéegnatenna with other

MMICs, eliminate the most undesired substrate é$feand maximize antenna
performance on high dielectric substrates. Alsaalse there is no need for an
additional transition, a single chip wireless nmi&tre-wave system including the
antenna can be achieved with a very compact siae, tost, and high

performance. Further, because the CPW feed liderised on the substrate and
the radiating patch is lifted in the air, the ragig patch and the feed line can be

optimized separately like aperture coupled antenna.

5.3.3 Comparison with Conventional Patch Antenna

A conventional edge-fed microstrip patch antenmaatly printed on top of GaAs
substrate with the same elevated patch dimensices simulated using HFSS
simulation software to compare its performance wita elevated patch antenna.
Figure 5 - 11 shows the return loss of the patcterara directly printed on the
substrate. It can be clearly observed that thenaatéoss is very high and increases
with frequency and there is no clear resonant #eqy. This because as we
explained in section 3.2 at G-band frequenciesetliepossibility to excited seven
surface wave modes in the GaAs substrate, the rficde TMy has zero cut-off

frequency and last modévis has cut-off frequency &#07.06GHz

Also, the elevated patch antenna has demonstraggphificantly improved radiation
performance than the conventional patch antenrttirprinted on top of the same
type of substrate. The maximum predicted diregtifor the elevated patch is 8.6dB
with the front-to-back ratio oBdB and lower side lobe regardless of suspension
height, showing high radiation efficiency of theteima structure. A non-elevated
patch on the same substrate gives a maximum peeldaitectivity of4.8dBwith a
bad front-to-back ratio 00.203dB but no longer at the broadside direction as a
consequence of surface wave triggered in this r@dady thick dielectric substrate,
as shown in Figure 5 - 12. It can be clearly ols@ithat there is a deep drop in the

antenna radiation performance without elevation tuehe diffraction of surface
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waves at the edge of the substrate. In contiastekevated patch has a clear main
beam in the z-direction.
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Figure5- 11: Return loss of the patch antenna directly printedhe substrate.
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Figure5- 12 : 3-D radiation pattern of the patch antenna direotigted on the substrate.
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5.4 CPW Fed Elevated Bow-tie Antenna

Bow-tie antennas have become attractive candid@esmany present day
communication systems due to their compact natomgpared with rectangular patch
antennas. This section provides a new design @lerated bow-tie antenna fed by
the same technique which has been used in laggrdeBhe main goal of this new
design is to reduce the substrate effect coupleth wmall size and MMIC

compatibility.

5.4.1 Antenna Design

Figure 5 - 13 shows the configuration of the eledamicromachined bow-tie
antenna. The elevated bow-tie antenna actuallgescombination of the imaginary
image of two triangular patches which are elevatkdve a single substrate; hence
the design of bow-tie antenna is based on the wesfi@ triangular antenna. Also,
formulas that are used in the design of triangpfarted antenna to calculate the side
length are also applicable in the design of elevdtew-tie antenna. Because the
antenna substrate is essentiallysare 1, the antenna resonant frequency T,

mode can be written as [24, 61]

f :E\/m2 +mn+n (5.1)
3a,

Where: fnnis the resonance frequenay,andn are the order of various resonant
modesg is the velocity of light in free space, aagis the effective side length of the
triangle radiator which can be quickly estimatedthgsthe following approximate
formula

a.=a+4h, (5.2)
For the fundamentalM;o mode, the vector representation of the field wama

along the periphery of radiator is shown in Figbre 13. A larger arrow size is

used to show that the magnitude is larger.
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Fabricated antenna

Ground plane

Figure5- 13 : Configuration of elevated micromachined bow-tieeamta.

The antenna fabrication is based on elevated miaotined structures
technology on GaAs substrate with a substrate ti@sk of 63Qum and a
dielectric constant 012.9 The two identical triangle radiators of bowtietenma
are joined together at the apex and elevated bg gokts of heighb.5um. The
side length of triangle radiators was calculated #men optimized using HFSS
simulation software at desired frequency and B96um, while the other lengths
are depends on the flare angle (flare angle idesst tharD® and not bigger than
180°). The antenna topology creates a low dielectribstnate and undesired
substrate effects will be eliminated, since theeant substrate is essentially air.
Therefore, the type and thickness of the dielectulbbstrate can be varied without
significant change of antenna performance. Thisl wailow the use of high
dielectric substrates with different thicknesses.
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The antenna was fed with the same method whichbleas used in rectangular
patch antenna using CPW feed line via micromachig@d post. The CPW was
designed to have an input impedance 56Q using HFSS software
(W/S=2Qum/15um) to couple the antenna effectively with the meamant
system. Parameters such as flare angle and sidéhleh the bow are optimized
using HFSS software to match tob8Q input impedance. The ground planes of
CPW are composed of the air-bridges, which are @sedliminate the unwanted
mode of the CPW feed line (slot line mode). The CgMund plane will act as a
reflector and it will totally shield the antennain the underlying elements. The
size of the ground plane on top of the GaAs sutestimWs X Ls = 1.5mm x
1.65mm which is large enough to reduce diffraction oé tdges for reducing

ripples in the main pattern and backward radiation.

5.4.2 Analysis of Result

The acceptable return loss for a printed antend®dB or higher. It is preferable
if the antenna having the return loss of highemt2@dB By comparing the
simulation results and the measurement results, nlieasurement return loss
shows good agreement with simulation. The sliglit & resonant frequency can
be attributed to the fabrication tolerance betwg®nfabricated prototype and the
designed one. The measurd®dB bandwidth is about8.6GHz at 209GHz
resonant frequency fro@04GHzto 212.6GHz Figure 5 - 14 shows the measured
and the simulated results of the % height elevated bowtie antenna. Also,
proposed antenna demonstrates bidirectional radiatiattern with maximum
directivity of 5dB. Figure 5 - 15 shows the simulated 2-D E and Hh@leadiation

pattern.
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Figure5- 14 : Simulated and measured return loss of elevatedtimantenna.
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Figure5-15: E and H plane of elevated bow-tie antenna radigp@ttern (directivity).
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5.5 Proximity Coupled Elevated Patch Antenna

Many techniques have been introduced in order tera@me the narrow

bandwidth of the patch antenna as we have discussebapter two. The CPW

fed proximity coupled patch antenna approach caodmsidered as an alternative
to increase antenna bandwidth [57, 106]. In paldicua loop slot proximity

coupled patch antenna gives symmetrical couplingvéen the feed and the
radiating patch, and it can be used for reconfigler@antennas by using a short or
open loop slot [107]. However, all loop slot proxiyncoupling antenna designs
have been achieved by using separate substrated) Wéve to be aligned exactly
to achieve good performance. It is very difficuit align the substrates exactly
and small misalignment results in large performadegradation especially at
millimetre-wave frequency. Furthermore, using saparsubstrates leads to a
more complex construction and difficulty in MMIC plementation. Therefore,

using loop slot proximity coupling to feed an el patch will overcome these
drawbacks and have the advantage of broad bandweatts substrate effects and

no alignment needed [14, 15].

A new concept for feeding an elevated patch antasrm@esented here for first
time. The new antenna design uses a loop slotadsté a probe at the end of
CPW to feed the elevated patch. The main goal isf diesign is to enhance the
antenna bandwidth and reduce the substrate effeitks emphasis on antenna
integration with other MMICs at G-band.

5.5.1 Antenna Design

The geometry of the elevated proximity coupled patatenna is shown in Figure
5 - 16. The antenna structure combines the advastaf an elevated antenna
with the advantages of proximity coupled antenmas simplifies the structure of
the antenna to make the patch antenna easier ¢graite with MMICs. The
antenna patch is elevated above a CPW ground fpip2® x 20 xm’ gold posts
with a height of5.5um, and they are positioned with26 x 25 un? rectangular

slots in the ground plane. The patch height hasmportant effect on the antenna
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bandwidth and coupling level between the patch feedl. Increasing the patch
height results in wider bandwidth and higher g&iuat it gives less coupling with

the feed line and increases the back radiation letel. Also, the length of the

patch determines the resonant frequency of thenaatand the width of the patch
affects the resonant radiation resistance of thé&ersa. For the proposed
operating frequencies at G-band the dimensions@fatch have been optimized
using HFSS simulation software, and they e L = 64Qum x 80Q:m.

The patch is excited by proximity coupling usintpap slot formed in the ground
plane and connected with the end dd@2 CPW feed line underneath the patch
on GaAs substrate. Using the loop slot to feed @htenna gives symmetrical
coupling between the feed and the radiating pa@dupling the patch with the
feed is usually determined by the location and $iee of the loop slot The
dominant coupling mechanism between the patch aed fslot is a magnetic
coupling, so the maximum of magnetic field for thiEl;o mode is located in the
centre of the rectangular patch antenna; theretbee best coupling will be
obtained for a cantered loop slot. Generally, tregnetic field in the slot loop is
much stronger in the loop edges parallel to théatady sides of the patch than in
the two other edges of the loop. In other words, iatch excitation is mainly due
to these excited edges. When the size of the cohtequare loop increases, the
exciting edges are removed from the centre of theerma. Therefore, the
coupling mechanism is no longer optimum and therggn@rovided by the slot
loop is not only coupled to the patch antenna, d&lab directly radiated to the
back side. The worst coupling obviously occursltmp edges close to the patch
sides. In this case, the patch behaves more liteflector (bad coupling) than a
radiator (good coupling) toward the power radiabgdhe loop [107]. Therefore,
the size and location of the loop slot can be adpielow the patch to enhance

the electromagnetic coupling and to obtain an appate input impedance.
The antenna ground plane is large enolyl & Ls = 1.5mm x 1.5m)rto reduce

diffraction of the edges for reducing ripples iretmain pattern and backward

radiation, and it will completely shield the antaninom the underlying elements
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and vice versa. The antenna ground plane is usddasoa conducting plane for
the CPW line and a reflector plane for the raditpatch. The antenna also
features an air-bridge which is used to elimindte anwanted even mode of the
CPW feed line.

Patch

Feed line
Air-bridge  >¢*

Figure5- 16 : Geometry of the proximity coupled elevated patcteana.

The antenna was built on a GaAS substrate withieknless of 630m and a

dielectric constant 012.9 Figure 5 - 17 shows the SEM image of the fabedat
antenna. With this configuration, a broadband patotenna can be realized, no
separate substrates are needed, greater radiaditerp symmetry and a low-
substrate dielectric constant can be achieved,esithe antenna substrate is

essentially air which is the lowest possible diglieaconstant.
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Figure5-17: SEM photo of proximity coupled elevated patch anten

5.5.2 Analysis of Result

Figure 5 - 18 shows the measured and simulatedrédss betweed40GHzand
220GHzfor the antenna.
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Figure5-18: Simulated and measured return loss of elevateximity coupled patch antenna.

This Figure shows a resonant frequency at aROMGHzwith a return loss of
22.3dB the measured resonant frequency is shifted doywta%, which can be

attributed to factors, such as fabrication dimensiariations and tolerances. A
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very wide bandwidth ofl3GHz has been achieved (fd&0dB return loss) from
190.8GHzto 203.8GHzfor the fabricated antenna, which is slightly hegtlihan
the simulated one.

Simulation demonstrates a symmetrical radiationtepat about the broadside
direction across antenna bandwidth with gaik®&7dBand 3dB beam width of
64° in the XZ-plane an@8°in the YZ-plane as shown in Figure 5 - 19. Thengai
diminishes slowly towards the edges of the antevaradwidth, and falls sharply
for frequencies out of the antenna bandwidth. Ipastulated that this is due to
significant surface wave generation outside the edgmce bandwidth of the
antenna as the energy is no longer strongly coutpléde patch element. Another
effect of this surface wave generation is the hrgturn loss out of antenna
bandwidth 8 to 4dB. Also, the pattern is found to be stable acrdss whole
bandwidth of the antenna with low back-lobe andedlent front-to-back ratio of
11.7dB (worst case) as shown in Figure 5 - 20, indicatsnggood coupling
between the excitation loop slot and the patch. @fwess polarization levels are
better than30dBin each plane.
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Figure5- 19: Radiation pattern at several frequencies acrosnaat bandwidth at xz-plane of
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elevated proximity coupled patch antenna.
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Figure5- 20 : Simulated 3D gain radiation pattern of elevatedxpmity coupled patch antenna.

The antenna configuration has several advantages previously considered
patch antennas. First, using a proximity coupledclpaconfiguration yields
greater bandwidths than direct contact fed patcteraras without significant
degrading the front-to-back ratio of the antenrecdhd, the slot loop can be used
both as the antenna excitation and the isolatiordéobias when MEMS switches
are used and it can be adjusted to get suitablatiaptenna impedance. The
solution also reduces undesired substrate modiiegtsf and offers a viable route
to higher levels of integration and functionalifyinally, the fabrication scheme
offers a relatively simple method for monolithictegration with active MMIC

transceiver circuitry.

5.6 EC-CPW Fed Elevated Patch Antenna

The elevated patch antenna has advantages of bbeadwidth, ease of
integration with MMICs and reduced substrate eSed¢iowever, feed network
loss has prevented them from being efficiently iempénted in integrated form.
For good antenna performance, a low loss feed s&ralde since it will provide

better radiation efficiency. Elevated conductor lamar waveguide EC-CPW has

the advantage of low loss compared with conventio6®W at G-band
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frequencies as we discussed in section 5.2. Thik imirease the radiation

efficiency, gain, and bandwidth of the antenna. rEfmre, the aim of this design
is to integrate patch antenna with RF circuit design high dielectric substrates
without losing the advantages of low dielectric eratls. This is achieved for the

first time by elevating both the patch and centyeductor of the CPW feed line.

5.6.1 Antenna Design

Figure 5 - 21 shows a schematic of the antennagdestructure. The elevated
rectangular patch and EC-CPW feed are supportatyusinumber of gold posts
which offer a mechanically strong and rigid solation order to match the
elevated patch, EC-CPW feed line is inset into plagch where the resonant
resistance is equal to feed line impedance, and BIS-CPW feed is matched
with feeding post by an elevatédd4 transformer. The input impedance of the
inset fed patch antenna mainly depends on the mlisédnceand to some extent
on the inset width (spacing between feeding linel gatch conductor) [77].
Therefore, the spacing between the patch condaetdrfeed line in this design is
kept constantl5:m, and inset length is optimized using the simulatsoftware
HFESS and final length 80um.

Figure5- 21 : EC-CPW fed elevated patch antenna structure.
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For operation at G-band simulation suggested thmmgéry of the rectangular
patch antenna to bé&/ x L of 80um x 73&m. Also, the antenna ground plane
extentsWs x Lg of 1.5 mm x 1.65 mmwhich is sufficiently large to reduce
diffraction from the edges and reduces rippleshi@ tmain radiation pattern and
minimizes backward radiation. The elevated cent@hductor CPW feed and
patch were built on &30um thickness GaAs substrate with dielectric constdnt
12.9 The height of the CPW central conductor and patebve the substrate can
be varied as required for optimum antenna perfoady changing the thickness
of the photoresist used in the air bridge procésgure 5 - 22 shows SEM photo

of the fabricated antenna.

S4700 10.0kV 15.7mm x50 SE(U
Figure 5 - 22 : SEM photo of fabricated EC-CPW fed elevated patuiemna.

The antenna topology effectively will create a lsubstrate dielectric constant
and undesired substrate effects can be eliminaiede the antenna substrate is
essentially air and most of the electric field c€EPW is confined in the air

region between the centre line and the groundjmthie substrate. This will help
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increase the radiation efficiency, gain, and théiation bandwidth. In addition,
the type and thickness of the substrate can beedawithout significantly
impacting the antenna performance. This will alldve use of high dielectric

substrates with different thicknesses.

5.6.2 Analysis of Results

Figure 5 - 23 shows the measured and the simulapad match (return loss) data
of the antennas. A very good agreement betweenlairon and measurement
was obtained, validating the electromagnetic sitioiha The experimental results
show a good match 0f20dB at 172GHz and bandwidth of7.9GHz from
169.2GHzto 177.1GHz(return loss-10 dB). However, there is quite high loss at
higher frequency more, this probable because dfodisnuity of electrical field

due to the inset feed a4 transformer.

Simulated =———>"

<€— Measured

Return Loss (dB)

5.00
140.00 150.00 160.00 170,00 180.00 190.00 200.00 210.00 220.00
Freq [GHZ]

Figure5- 23 : Simulated and measured results of return loss furb elevated antenna.

Simulation predicts a nearly constant broadsidéatamh pattern in both E and H
plane cross the designed bandwidth with beam-widtb4° in the E-plane and
46°in the H-plane at resonant frequency as show gurfei 5 - 25. The simulated
antenna gain in the vertical axis at resonant feagy is abou6.7dB with the

front-to-back ratio (worst case) of abouBdB showing high radiation efficiency
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of the antenna structure. Figure 5 - 25 shows thmilated 3-D gain radiation

pattern of the antenna.

Ansot Corporation Radiation Pattern

Curve Info
—— dB(GainTotal)

Setupl : Sw eept
Freq=172GHz" Phi<-S0deg’
— dB(GanTotal)

Setupl - Sw eept
Freq=172GHz" Fhi=0deg

-180

Figure 5 - 24: 2-D radiation pattern in E and H plane at resoriegguency (gain).
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Figure5- 25: 3-D simulated radiation pattern for the antennangai

From these results, it can be concluded that tbpgmed antenna configuration in

this work offers significant improvements in perfance compared with those
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previously reported. The antenna scheme offers asy enethod to integrate
antenna with other MMICs, eliminate the undesirabissrate effects, gives good
matching with the feed line and maximizes antenmafgsmance on high
dielectric substrates. The structure also demotestrdbroadband impedance

matching and symmetry radiation pattern in G-baeddencies.

5.7 EMS Fed Elevated Overlapped Patch Antenna

The performance of patch antennas basically dependsie shape of the patch,
feeding technique, and the dielectric constanthef ubstrate. Both patch shape
and feed network can be improved. However, to iratgprinted antennas with
MMICs a high dielectric substrate must be used.réfwe, the basic idea of this
antenna design is based on modifying the geomeftrth@ antenna patch and
exciting it by using elevated microstrip feed liBE®MS. Using EMS to feed an
elevated antenna will reduce the substrate effeotse the antenna and feed
substrate is essentially air, and modifying thergetyy of the patch will enhance

the antenna bandwidth due to different resonargttenof the patch.

In this design, an elevated microstrip line fedvated overlapped patch antenna
is proposed for the first time. This scheme is izeal by elevating both the

microstrip line and the patch using gold posts mhldielectric substrate.

5.7.1 Antenna Design

For a conventional rectangular elevated patch avaesf lengthL and widthW,
the resonance frequency for the domin@M;o mode is only dependent on the
length L of the patch. Therefore it is clear that the reswe frequency of the
rectangular patch antenna is a function of its fbrg so if the patch antenna has
multiple lengths it will be a multi-resonance amari.e. for every different length
there will be a different resonance frequency, leetie bandwidth of the patch
antenna can be enhanced. This technique is utilizélde design of this antenna.
Two small square patches are overlapped in theod&lgof the main rectangular

patch and combining them in a single metallizatiorform a non-regular single
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patch with different resonant lengths. The diffex@nbetween resonant
frequencies of the patch must be separated suthihthaverall integration of the

resonant frequencies will give wider band widthshewn in Figure 5 - 26.

VSWR A

>

Frequency

Figure 5 - 26 VSWRplots of overlapped patch antenna has a narrofereifit between resonant

frequencies.

The configuration of the proposed patch antennshswvn in Figure 5 - 27. The
elevated overlapped patch is fed by an elevatedasiidp line EMS via al/4
transformer to match to tr®0Q CPW port. By elevating both the patch and feed,
the antenna topology effectively will create a lolelectric substrate since the
antenna substrate is essentially air and all of d@leetric field of the elevated
microstrip line is confined in the air not in thabstrate. The overlapping patch
and microstrip feed line are elevated above therarg ground plane by.5um
gold posts height, which are positioned within aagular slots in the ground
plane to prevent shorting circuits. For the prambsperating frequencies at G-
band the dimensions of the patch are shown in Eigur 27. The antenna ground
plane dimension i4.5mm x 1.5mmvhich is large enough to reduce diffraction of

the edges for reducing ripples in the main pattard backward radiation.

11C



Chapter 5 Micromachined Elevated Antenna Designs

Elevated overlapped

Post
patch

Figure 5 - 27 : Configuration of fabricated elevated overlappecdpatntenna.

The antenna topology effectively creates a low-tabs dielectric constant and
the patch geometry enhances antenna bandwidth withignificantly enlarging

the size since it employs multiple resonances.

5.7.2 Analysis of Results

Figure 5 - 28 shows the simulated and measuredrédss betweed40GHzand
220GHz for the elevated microstrip patch antenna. Thesmults are in good
agreement with the simulated results, validating ¢fectromagnetic simulation.
The measurement results shov89.7dB return loss (antenna match) at
approximately 206GHz resonant frequency, and a very wide bandwidth of
12.5GHzhas been achieved fro®9GHzto 211.5GHzfor a return loss than
10dB
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Figure5 - 28: Simulated and measured return losses and simuBai2dadiation pattern.

Simulation predicts a nearly constant broadsidéataxh pattern 3dB beamwidth

of 60° in the XZ-plane and48° in the YZ-plane) with low side lobes, and
excellent front-to-back ratio df1dB (worst case) as shown in Figure 5 - 29. The
antenna has gain of 5.5dB at resonant frequency iartbcreases at higher
frequencies due to the fact that the radiating tajpes of the two edge patches are
relatively smaller compared to those of the maitcipaAlso, it is quite clear that
the radiation pattern is not symmetrical becaus¢hefasymmetry of the patch.
However, it is apparent that this antenna providésble far field radiation
characteristics in the entire operating band wighatively high gain. This
indicates a high radiation efficiency structureass the designed bandwidth. The

cross polarization is better tha#0dB at the centre frequency.
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Radiation Pattern
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Figure5- 29 : Radiation pattern of elevated overlapped patchrarge

This proposed configuration has several advantages previous elevated patch
antennas such as: surface wave loss associated tivithfeed network is
eliminated, since all of the electric field of etg®d microstrip line is confined in
the air not in the substrate. Also, using an eledatoverlapped patch
configuration yields greater bandwidth without sfgrantly enlarging the size
since it employs multiple resonances on singletpattus allowing integration of

3-D antennas with RF circuitry on a single chip.

5.8 EC-CPW Fed Three Level Proximity Coupled Antenn a

The proximity coupled elevated patch antenna usirigop slot approach as we
discussed in section 5.5 has advantages of brdsdedwidth, reduced influence
of substrate moding effects, no separate substreteded, and this approach also
gives symmetrical coupling between the feed andréuating patch. However,
feed network loss has prevented proximity coupliedaed patch antennas from
being efficiently implemented in integrated formhekefore, using elevated
conductor coplanar waveguide (EC-CPW) to feed avatkd patch has the
advantage of lower loss at high frequencies whempaored with conventional

transmission line structures.
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A new concept for feeding a proximity coupled eleda patch antenna is
presented in this design to maximise the antenmBoymeanceon high dielectric
substrates. This design proposes a new antenngndésit uses an elevated loop
slot connected with EC-CPW to feed elevated pattiersnas instead of using a
loop slot which is printed directly on the substrathis scheme has been realized
by elevating both the centre conductor of a CPW imd loop slot at one level,
and elevating the patch at a higher level. The ngoal of this design is to
enhance the antenna bandwidth and reduce the atésfifects with emphasis on

antenna integration with other MMICs at G-band.

5.8.1 Antenna Design

An important principle for antenna design is to iavthe dielectric effects. The
high dielectric substrate is an easier medium inctvithe propagation of surface
waves can take place, hence our design is baserlepated antenna structures.
However, elevated patch antennas on high dieleswisstrate at G-band have
been already demonstrated in previous sectionshis thapter, exhibiting a
significant improvement in the antenna performar$pecifically, in proximity
coupled elevated patch antenna an impedance batidefid 3GHzwas achieved.
In this design, the substrate effect of the pratintoupled elevated patch
antenna is further reduced by using EC-CPW condeutith an elevated loop
slot to feed the antenna. The antenna design tadkesntage of the elevated patch
antenna approach to eliminate surface waves, andnégge of the proximity
coupled antenna approach to enhance the bandwithbwt the need for separate

substrates.

Figure 5 - 30 shows a schematic of the antenna&tstrel. The patch is excited by
proximity coupling using an elevated loop slot ceated with an EC-CPW feed
line underneath the patch on a gallium arsenidestsate. The elevated loop slot
can be adjusted to an appropriate location below patch to enhance the
electromagnetic coupling and to obtain a suitabpaut impedance. Therefore, the

antenna can be directly matched to various inpyeidances without using any
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kinds of transformers. The EC-CPW feed line is awotad with the CPW wave
port by a gold post, and is designed toS9€ in order to match to the reference

impedance of the measurement system.

Top view
Air -Bridge
=] =] =]
= = =
/U
= Elv\ =)
EC-CPW Elevated Patch
Iﬂ / T T T
Side view

Figure5- 30 : EC-CPW fed elevated proximity patch antenna.

The main advantage of this feed technique is thaprbvides very high
bandwidth, gives symmetrical coupling between tbedf and the radiating patch,
and reduces the substrate effects. The elevatqu $tm and EC-CPW feed are
supported using a number BfBum gold posts. On the other hand, the rectangular
patch is elevated above the EC-CPW and the loapbyl@3um gold posts, which
offer a strong and rigid mechanical performancee HC-CPW ground plane on
the substrate will completely shield the antenmenfthe underlying elements and

vice versa.

The antenna was designed and simulated using tlfARMFSS simulator. A

waveport at the antenna input terminal was usedhersimulation with meshing
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at /4 to obtain higher simulation resolution. For operatat G-band for
radiometer applications @00GHz simulation suggested the geometry of the
rectangular patch antenna to Wex L of 806um x 73&m, with a ground plane
extent,Ws x L, of 1.5mm x 1.65mmwhich is large enough to reduce diffraction
at the edges for reducing ripples in the main patésnd backward radiation. The
antenna was fabricated on68Qum thickness GaAs substrate with a dielectric
constant of12.9 Figure 5 - 31 shows an SEM image of the completegnna.
The fabrication scheme offers a relatively simplestmod for monolithic
integration with active MMIC transceiver circuitry.

Figure 5 - 31: SEM photo of the fabricated EC-CPW fed proximitypted antenna.

5.8.2 Analysis of Results

Figure 5 - 32 shows the measured and the simuletinin loss of the antenna.
Good agreement between simulation and measuremastobtained, validating
the electromagnetic simulation. The measurementteeshow an excellent match
of -32dB at 196GHzand bandwidth ofi5GHzfrom 188GHzto 203GHz(return
loss<410dB. This bandwidth is higher than the simulated ealwhich has

11€



Chapter 5 Micromachined Elevated Antenna Designs

5.5GHZ bandwidth. As a comparison, the patch antenna lwidcreported in
section 5.5 gives a narrower bandwidth df3GHz than measurement results

indicate.
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Figure5 - 32: Simulated and measured results of antenna retgs lo

The proposed antenna demonstrates a significanthpraved radiation
characteristics compared with the two-level antemméch uses a feed network

directly printed on substrate. A comparison is showTable 5 - 1.

Table5- 1: Comparison of three-level and two-level antenndquenances

Bandwid | Matching Gain XZ-plane YZ-plane Front-to-
th beam beam width | back ratio
width
Three-level 15GHz 32dB 7.18dH 68 56° 32.2dB
antenna
Two-level 13GHz 22.3dB 2.97dB 64 58 11.7dB
antenna

Simulation results of the designed antenna predictearly constant broadside
radiation pattern with high gain @t18dBand an excellent front-to-back ratio of
32.2dB indicating good coupling between the feed and gh&ch as shown in

Figure 5 - 33. This indicates a high radiation @#ncy structure across the
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designed bandwidth. It can be clearly observed fi@hle 5 - 1 that the proposed
antenna configuration in this paper offers sigmifit improvements in the
radiation performance compared with the previouslyorted proximity coupled

antenna. Using EC-CPW connected with an elevateq &bot to feed an elevated
patch has the advantage of broad bandwidth, lowtsate loss and elimination of
the excitation of surface waves since most of tleetec field of the feed is

confined in the air rather than the substrate sthuoiding undesired coupling
between the feed and the substrate. This increthgesdiation efficiency, gain,

and the radiation bandwidth. The antenna demomstra desirable broad
bandwidth and low-loss performance suitable for ynavireless short range

communication applications.
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Figure5- 33: 3-D simulated radiation pattern at the centre frequ€@ain dB).
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5.9 Conclusion

In conclusion, it can be seen that the proposedranat configurations, which are
designed in this chapter, offer significant improvants in performance compared
with previously reported work. Different new feedimechanisms of elevated
micromachined antennas were presented for firse twffer more degrees of

freedom for antenna design, and they provide lothat#on loss, less dispersion
and less dependence of the characteristic impedandée substrate height and
permittivity. In addition, new alternative topoles of G-band micromachined
antennas on high dielectric substrate MMICs havenbgresented. Experimental
and simulation results are provided to demonstthie effectiveness of the

antenna designs. The proposed antenna configusatiane several advantages
over previously reported micromachined antennashigh dielectric substrate

such as: (a) antennas schemes effectively createwa dielectric constant

substrate and maximize the antenna performancegbindielectric substrates; (b)

the corresponding dimension for antennas workingsdtand is on millimetre

scale, thus allowing integration of 3-D antennashwRF circuitry on a single

chip; (c) for traditional printed antennas integihtwith other components, once
the substrate specifications are chosen for thelevhwdule, the thickness is a
universal variable for each component on this sabstand it cannot be tailored
freely and thus optimized for antenna design. Havefor the elevated antennas
presented in this work, the height of the patch barchanged, regardless of the
substrate that is used. This can be used to fur#m@rance the antenna
performance when we cannot change the substratknéss for the sake of the
rest of the module circuits. Thus, elevated microm@aed antennas can meet
different application requirements and be utilizad a substrate-independent

solution.
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6. Reconfigurable Micromachined Antenna

6.1 Introduction

Reconfigurable antennas have become more attradwethe demand for
multiband antennas has increased. They provide@réavels of functionality to

a system by eliminating the need for complicatedleliand antenna solutions.
Common antenna designs not involving re-configuigbimpose restrictions.

Reconfiguring antennas can enhance their performag@roviding the ability to

adapt to new operating scenarios. MEMS switchese Haeen introduced as a
prime candidate to replace the conventional sdbdesswitches in reconfigurable
antennas. The first part of this chapter coversrdmd development of MEMS
switch technology and their limitations and advgetsin reconfigurable printed
antennas at millimetre-wave regimes and focusescamtilever beam metal-
contact MEMS switches. This is followed by propasia new design of a low-
actuation voltage cantilever beam MEMS switches fbigh-frequency

applications, which can overcome the limitationsamsated with cantilever

MEMS switches. The second part of this chapter ulises the concept of
reconfigurable antennas and details the emergir@hn@ogies that make
reconfigurable antennas possible with a primarjusoon MEMS reconfigurable
frequency antennas. Also, in order to incorpordte proposed new MEMS
switch with the 3D antenna technology, a novel néigurable elevated patch
antenna is described and its performance discus3é@ antenna design
demonstrates the feasibility of reconfigurable f@thantennas on high dielectric

substrates at G-band.
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6.2 Integrated MEMS Switch with Reconfigurable Ante  nnas

The development of wireless communications requirgsiaturization, multi-

function and multi-systems integration. For vari@mesnmmunication systems, the
operation frequencies can vary. Different frequeacrcorrespond to various
structures or dimensions associated with the amteAs the key device of the
wireless communication system, the antenna alsasée realize the multi-

function capability. A reconfigurable antenna isisua kind of multi-function

antenna, which can change the frequency, radigi#tern or polarization in real-
time without changing the whole dimension and dtreee of the antenna. The
goal of a reconfigurable antenna is to reduce tmemexity of an antenna system
operating over a wide frequency band, and to redinee need for multiple

antennas to perform a specific task - providinglatively large bandwidth and
achieving a dynamic configuration. Compared withodat band antennas,
reconfigurable antennas offer the advantages ofpegtnsize, similar radiation
pattern for all designed frequency bands, efficierse of electromagnetic
spectrum and frequency selectivity useful for redgadhe adverse effects of co-

site interference and jamming [108-111].

A key enabling technology for the successful depelent of reconfigurable
multi-band antennas is the development of switchiéls low loss, high isolation
and low bias power requirements. Switches basedPbw diodes and FET
transistors can be successfully used at microwaagion, but they exhibit
inherently high insertion loss at millimetre-wavegimes that reduce the radiating
efficiency of the antenna to a point where it midifgt unacceptable for many
applications [29, 112]. Furthermore, the use ofdssltate switches introduce a
limitation on the power that can be handled by dhéenna and the possibility of
unwanted nonlinear effects both on transmission eswkption. It would be
highly desirable to have a switch for reconfiguebhtennas that alleviates these
potential problems. It appears that MEMS switchemn coffer promising
characteristics in this regard. Integration of MEM&hnology with antenna
technology makes the antennas smaller, 'smarter'caeaper, thereby meeting

the demands of rapid development of communicatigstesns [6, 113]. The
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tuneable characteristics of MEMS switches enabddr timtegration with antennas
and make very efficient use of limited area by mgkiadvantage of combined
multiple functions in one single antenna. This tssin significant reduction in

the total area with possible enhanced functionaditg performance. Also, the
monolithic fabrication of these components witheamtas can reduce parasitic

effects, losses and costs [26, 27, 114].

6.3 MEMS Switches

A MEMS switch is a switching device that is fabt®aé using the micromachining
technology, where the switching between the on- @fifidtates is achieved via the
mechanical movement of a freely movable structadbfl17]. The forces required
for the mechanical movement can be obtained usampws actuation mechanisms
include electrostatic, magnetic, thermal and piéztec. (a) The Electrostatic

method relies on the basic columbic force of attcacbetween two oppositely
charged plates. (b) Electromagnetic methods of aictn rely on aligning a

magnetic material in a magnetic field. By changihg direction of the alignment
the switch can be turne@n or Off [118]. (c) Thermal actuation involves using
two materials with different thermal expansion dmeénts. When the materials
are heated the beam bends away from the materidd thie higher thermal

expansion coefficient. (d) Piezoelectric actuati®nypically based on a bimorph
cantilever or membrane, where a differential cacttoa due to the piezoelectric

effect causes the structure to bend.

Each method has its own set of problems; high porgguirements and slow
switching speed for thermal; high voltages for @lestatic which may lead to
difficulty of integration; high complexity, cost,nd power requirements for
magnetic actuation; and integrating piezoelectriatemials for piezoelectric
actuation is very problematic, because films arfficdilt to pattern and the
processing involves high crystallization temperasuf29, 112]. Among these
actuation mechanisms, MEMS switches that operagetrestatically are most

commonly used to tune printed antennas, as it esstimplest of all, the most
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compact solution, has low power consumption andsdo& involve any special
processing steps which are not supported by nokICs processes [6, 8, 115,
116, 119].Generally speaking, MEMS switches areelam designs that employ

electrostatic actuation.

6.3.1 MEMS Switches types

The MEMS switches can be classified into three s#asbased on mechanical
structure, contact mechanisms or circuit configoraf29, 120] - each type has
certain advantages in performance or manufactutabiFigure 6 - 1 shows

MEMS switches types.

MEMS switch
A\ 4 v \ 4
Mechanical Contact Circuit
structure mechanisms configurati
\ 4 A 4 A 4 \ 4 A 4 A 4
Cantilever beam | [Air-bridge switch Ohmic contact Capaciti ve Series switch Shunt switch
switch switch contact switch

A A A

Figure 6 - 1: MEMS switches types

In terms of the mechanical structure, MEMS switcbhas be divided into those
that have architectures based on suspension aigdsior cantilever beams [29,
114]. With the air-bridge structure, there are supporting posts at both ends of
a membrane suspended over an electrode, and thebnaeen contacts the
electrode at its centre. The membrane of the @il structure has one fixed end

at the supporting post, and the other free encehatrodes for position biasing.
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MEMS switches are also categorized by the contaethanisms: capacitive
(metal-insulator-metal) contact [121, 122] and st&se (metal-to-metal) contact
[123-125]. Capacitive switches use a thin layedigflectric material to separate
two conducting electrodes when actuated. The dietetayer prevents direct
metal-to-metal contact. Therefore, stiction of @mi$ is less of a concern.
However, the thin layer of dielectric material wiinly conduct signals with
reasonable insertion loss when the coupling betweemductor electrodes is
above a certain frequency. Moreover, the operafi@gyuency of capacitive
switches is limited by the ratio between the on @&fifdcapacitance. Metal-to-
metal switches utilize physical contact of metathviow contact resistance to
achieve low insertion loss when actuated. Thereftitre metal-to-metal MEMS
switches can be operated from DC to RF frequendii wsolation defined by the
coupling capacitance of the electrodes when théchws in up-state. The broad
frequency range of MEMS metal contacting switcheea major advantage of this

kind of switches.

Switches can also be designed to have either serislsunt configurations within

the RF circuit. Although both metal contacting azapacitive coupling switches
can be used as either as a serial or a shunt switetal contacting switches are
often used as serial switches, while capacitiveping switches are used for
shunt switches. The advantage and disadvantage aitsop between the two
ways of using the switches is primarily within tR& circuit design, rather than
MEMS switch components. The final design selectisnheavily guided by

specific applications [8, 29, 116].

6.3.2 Advantages of the MEMS Switches Over Current  Technologies

MEMS switches offer significant performance enhaneat over current
electromechanical and solid state switch technelegi The significant
performance improvements possible with these MEMSIiaks have important

implications in antenna designs at microwave antimetre-wave frequencies
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[29, 112, 115, 116, 126-128]. The basic advantdagas MEMS switches offer
can be summarized as follows:

Low power consumption: Many MEMS switches are actuated using
electrostatic mechanisms which consume very snmabbumts of energy

(10-100nJper switching cycle).

Low insertion loss: Insertion loss is a measure of how much loss isgbe
introduced to the system due to the switch. MEM8htmlogy offers
switches with very low loss. The reported loss cEMIS switches are

0.1dBup to millimetre-wave frequencies.

High isolation: Isolation determines how well the output is isethfrom
the input. Higher isolation translates to less dmgpbetween the output
and input ports in the off state. As MEMS switclage fabricated with air
gaps, they have very low off-state capacitance ltieguin excellent

isolation well into the millimetre-wave region.

Linearity and low inter-modulation products: The quality of the signal
passed through the switch is measured by its lieaBwitches which
pass signals without distortion or the introductarharmonics are highly
linear. Since the MEMS switches contain no semicabar or any other
electrically nonlinear components they are extrgniglear devices and
result in very low inter-modulation products in $wing and tuning

applications.

Wide Bandwidth: Similar to conventional mechanical switches, the
bandwidth of MEMS switches is quite large. Unlikelid state switches
which rely on a semiconductor junction, the condgucpath is based on a
metal to metal contact. The upper limit on frequeraf operation is
mainly restricted by device isolation in th# state.
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6.3.3 Limitations of the MEMS Switches

Even though MEMS switches have very good perforrmametrics, the current
implementations still suffer from a number of imgott limitations which restrict
their application in reconfigurable antennas atlimgtre-wave regimes. It is
necessary to identify the characteristics of MENMMtches that could potentially
cause problems for reconfigurable antennas [29, 11%, 126, 128-131]. The
following problems have not been solved yet:

* High pull-down voltage: Most electrostatic MEMS switches have high pull-
down (actuation) voltage for reliable operationisTtan present a problem for
portable devices where high voltage signals maybeoteadily available and
up-converters would be needed to provide adequaitelsng potential. Low

voltage switches are being developed to help ntgidfais problem.

* Slow switching speed: The switching speed of most MEMS switches is
relatively low compared to semiconductor devicesisTis because of the low
resonant frequencies of its mechanical structund,aso the improvement of
switching speed of a MEMS switch affects adversély switching voltage.
Faster switching can be obtained with increasdthsss, but it will inevitably

increase the pull-down voltage.

* Low reliability: The reliability of MEMS switches still are not féigient for

current wireless systems some of which require ntiwai@ 100 billion cycles.

* Low power handling: One of the biggest limitations that MEMS switches
currently face is power handling capability. MosEMS switches can only
handle medium power levels. MEMS switches that hardgh power with

high reliability still do not exist today.
e Packaging considerations:. MEMS switches are inherently moving devices

and thus are easily affected by environmental comtants and physical

contact. Special attention must be given to thegmtove packaging used to
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shield the components and hermetic sealing is aengiml part of the package
assembly. Packaging costs are currently high, &edptckaging technique
itself may adversely affect the reliability of tMEMS switch.

» Stiction: one of the most common failures both in fabricatmd operation of
MEMS switch is stiction. It refers to any kind otilesion that can occur
between switch contacts. Although it is particulaproblematic in metal-to-
metal switches, the addition of a thin dielectraydr between the metals

contacts may help mitigate this problem.

6.4 Cantilever Beam Metal-Contact MEMS Switch

Cantilever beam metal-contact switches have bedecteel for this work for

integration with an elevated patch antenna sina®y thtilise direct physical

contact between metals with a low contact resigatoc achieve low insertion
losses when actuated. It can therefore be opeedt&dband frequencies with low
loss and an isolation defined by the coupling cépace of the electrodes when
the switch is open. Also the cantilever switch off¢he important advantage of
reduction in the pull-down voltage, when comparedhat required by the air-

bridge switch. This section will cover the basicmpiple of such switches.

6.4.1 Working Principle

The basic operation of a cantilever beam switcheisy simple; it relies on the
basic columbic force of attraction between two oppdy charged electrodes
(cantilever contact pad and bottom metal contathe cantilever beam of the
switch is suspended over a bottom metal contacsuch a way that the two
contacts form a capacitor [112]. When a bias vatag applied across the
contacts, charge distributes in such a way thatebkattrostatic force occurs
between them. Independent of the voltage polathyg, voltage forces the top
contact down toward the bottom one, creating anoep mechanical restoring

force as the structure is bent. If the voltagents@ased, the cantilever beam gets
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close to the bottom contact, the increasing chamgehe contacts increases the
force and the equilibrium is held by an increasehe restoring force at some
point between the plates. However, after the ve@taglue exceeds some value
(threshold value) the restoring force can not afftire electrostatic force. At this
point, the system goes to an unstable state, aeadb&#am collapses upon the
bottom electrode. If the magnitude of voltage isrthreduced, the cantilever
releases back up due to the intrinsic stress, Jpically at a much lower voltage
than the pull-down voltage [29]. The basic struesuand operation of switch is

shown in Figure 6 - 2.

Supporting post Cantilever Beam

Pull Down Electrode

a) Cantilever switch in  Off state

—

Pull Down Electrode
b) Cantilever switch in  On state

Figure6 - 2: Basic operation of MEMS cantilever switch

6.4.2 Electromechanical Mode

The essential problem of MEMS switches is the cogpbf the mechanics and the
electrostatics, which governs the behaviour of MeMS switches. The two most
important features of a MEMS switch are the pulivdovoltage and the deflection.
Both of these quantities can be calculated by itrgathe MEMS switch as a
mechanical spring with an equivalent spring cortstanThe equivalent spring
constant depends on the geometrical dimensionkeotantilever beam and on the
Young's modulus of the material used to fabricate switch. The actuation
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behaviour of the switch can be understood from ¢ogivalent parallel plate

capacitor shown in the Figure 6 - 3. The bottontepla fixed in space and the
cantilever (top plate) is held by a mechanicalrgprirfhe movement of the cantilever
can be analyzed as a flat problem [113, 115, 138-13

e

Support

Spring k
Moveable top plate

Variable Gap
Electrostatic force

Bottom Plate

Figure 6 - 3: MEMS switch mechanical modelling

When a bias voltag¥ is applied, the cantilever moves toward the botpbate from
an initial gap heighi,, to a new gap height, wherez = zo -4z. The electrostatic
energy stored in the capacitor is given by:

_1&A

U
E 2 2

v? (6.1)

wherez is the gap height between the platess the area of actuating plate, agds
permittivity of free space.

The movement of the cantilever will cause the etestatic force which is equal to
the rate of changing stored electrostatic energy wisplacementdUg/d2) at a

constant voltage between the plates; the electro$tace is given by:

g,AV ?

1
: 2 2° 6-2)
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The negative sign in implies that the electrostitice is in the downward direction.
Electrostatic actuation results in very low forcésit this is enough for MEMS
switch actuation. The reason is that, as the sw#cpulled down to the bottom
electrode, the gap is reduced, and the pull downef®n the switch increases.
Considering the fact that the electrostatic actwafibrce increases at a rate of*las
the gap closes, it takes much less time to pullrdthwe switch than it does to release
back up the upper plate. In addition to the elet#ttic force, gravity also plays a role
in pulling down the switch cantilever beam. Caltiola of this force is simple and
straightforward Fy = mg, , wherem is the cantilever massgy is the gravity, which
has a typical value aj;= 9.8 (N/ kg). AlthoughFg is usually small in magnitude, it
may be in the same order of electrostatic forcestome architectures. Therefore, it

shouldn’t be ignored in calculations.

There is also a pull up force due to the springstammt of the switch. The force

pushing up from the spring using Hooke's Law is
Fvw =kAz=k(z, - 2) (6.3)

The cantilever will be stable as long as the meicaanforce balances the
electrostatic force by downward movement. Equatirggmechanical restoring force

and the electrostatic force in the stable statesahdng forV gives

_, |2k(z,~2)
V=z A (6.4)

The above equation gives the voltageequired to pull the cantilever towards the
bottom plate by a distance A from an initial gap height,. This equation yields a
parabolic like variation of normalized gap heightz{) with V as shown in Figure
6.4. When the gap reduces to certain point, thdileaer beam becomes unstable

and then a complete collapse of the switch to thendstate position. This behavior
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is known as pull-down and the voltage at this pamtermed as the Pull-down
Voltage Ve.

The pull-down position can be found by taking thegiwhtive of Equation 6.4 with
respect to cantilever height and setting that to as

av _f 2k | oo | 2k 1z (6.5)
dz (sA] Z"Z[e‘A]Z 0

The height at which the pull-down occurs is foundbe exactly two-third the zero
bias cantilever beam heightgzo. Substituting this value back into Equation 6.4,

the pull-down voltage is found to be:

8kz 2
V. = —9 6.6
P T\ 27 Ae, (6.6)

Pull-down voltage is an important factor in the igasof the switch as this alone
decides the compatibility of the switch with otteércuitry on the die. If the switch
voltage is reduced, the cantilever releases baclbuiptypically at a lower voltage
than the pull-down voltage. Therefore, the voltegguired for holding the cantilever
in the down position is lower than the pull-dowritage. The voltage at which the
cantilever is completely released from the bottoomtact is known as Release
voltage Vg [112, 135]. This creates a hysteresis charade(isipical of all MEMS
switches) as shown in Figure 6 - 4.
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Figure 6 - 4 : Variation of normalized gap height/%,) with applied voltage\()

6.4.3 Electrical Model

The simplest electrical model of the cantileverrhddEMS is a series capacitance,
C, in the up-state position and a small resistaRgan the down-state position, since
the actuation region exhibits a capacitance, aadrhbtal beam exhibits a resistance
ad shown in Figure 6 - 5. The down-state resistani@dfectively representing the

on-state insertion loss, whereas up-state capaeitemeffectively representing the

off-state isolation [29, 114, 115, 117, 133, 135].

Off-state

Iu”";at”J. .}___1 i

Input
(R O~ Output

M A

\
ALY
N O L R
VoY

On-state

Figure6-5: Equivalent circuit model for cantilever switch.

The isolation of the switch in the up-state posittan be calculate by

|S,* = 40’C?Z; (6.8)
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where 3 is the transmission-line impedance. Also, the riise loss in the on-state

can be calculate by

2_. R
J =1-—= 6.9
Saf =1~ (6.9)

The R;, and C value can be calculated within an order of magi@tly using

fundamental equations[39].

R, = % (6.10)

Wherep is the resistivity of the cantilever methlis the length of the cantileveris
the thickness of the cantilever awds the width of the cantilever. Also, the up-state

capacitance of the MEMS switch can be calculated by

c=20 (6.11)

where A is the effective contact area of the electroded anis the gap height

between the contacts.

6.5 Design Challenging of Cantilever Beam MEMS Swit  ch

Even though cantilever beam MEMS switches show gexyd performance, current
implementations still suffer from a high pull-dowaltage and the stiction problem -
restricting their integration with printed antennakherefore, the design of a
cantilever beam MEMS switch with low pull-down \edie and compatibility with
reconfigurable printed antennas at G-band freqesnand which can overcome the
stiction problem is still a very challenging tadtis section addresses these design
challenges of electrostatically actuated cantileberam metal-contact MEMS
switches.
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6.5.1 Pull-Down Voltage

The pull-down voltage of the MEMS switch is detemad by the effective spring
constant, the air gap height, and the effective afecontact pads (capacitor). In
order to lower the pull-down voltage of the swit¢hree different routes can be
pursued which are: increasing the area of actugtiontact pads), diminishing the
gap between the cantilever and bottom electrode,d@signing a cantilever beam
with low spring constant. In the first case, theaacan only be increased by so much
before compactness becomes a prevailing issuehdnsécond case, the switch
isolation associated with the RF signal restritis value of the gap. Design of a
cantilever beam with low equivalent spring constianthe approach with the most
potential which is used to reduce the pull-downtagé, since the design of the
springs does not considerably impact the size, Weignd RF performance of the
circuit [112, 126, 127, 130].

To reduce the pull-down voltage, the key is a ¢eweir beam structure of low spring
constantk. There are many variations of shapes of cantileeam that can be used
to lower the effective spring constant, but thetidewer beam structure should be
chosen to provide very low values of spring constara compact area as well as
providing high cross-axis sensitivity between \eati and lateral dimensions.
Cantilever beams with different spring constanéssaudied in this work. Figure 6 - 6
show cantilever beam structures with different rggprconstants which have been

used in this work to reduce the pull-down voltaf®&MS switch.
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m

a) Cantilever beam with sold suspensions

min i

b) Cantilever beam with meandered suspensions

Figure 6 - 6 : Cantilever beam structure of different spring ¢ans

The effective spring constant of a cantilever beam be derived for non-meandered

suspension as

Ewt®
k= 6.12

43 ( )

and for meandered suspensions by
Ew(.")’

K = L (6.13)

Lo Do ()2 #1210

L L 1+ (ﬂ)z
t

whereE andv are the Young's modulus and Poisson's ratio fomik&al, t is the
thicknessw is the width|] is the length of the cantilever bealmjs the overall width

of the spring, and.; is the distance from the end of the spring to tlaet ©f the
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meander [112, 115, 130]. The dimensions of meanddsuspension are illustrated in
Figure 6 - 7.

Figure 6 - 7: lllustration of dimensions of the meandered susjzen

The effective spring constanke, for the number of suspensions attached to the
structure is

Ko =— (6.14)
m

where m is the number of meanders in the suspension, il the number of
suspensions attached to the structure [115].

The spring constant decreases linearly with suceessddition of meanders to
the meandered suspension. The design of the mesthdespension is of crucial
importance in realizing switches with low pull-downltage. Although this route
is the one with the most flexibility in order to sign MEMS switches with low
pull-down voltages, it is very important to desitire switch with a high cut-off

frequency suitable for integration with the pringatenna at G-band frequencies.
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6.5.2 Stiction Problem

Stiction is referring to any kind of adhesion tltain occur between the MEMS
switch contacts. The stiction is a consequencehef dominance of adhesion
forces (surface force) over mechanical restorirrgdaf the switch contact [136].

Stiction can be divided into two main categoriestease stiction and in-use
stiction. Release stiction occurs during the redepsocess of the fabrication of
MEMS switches, in which the elevated structures caltlapse and adhere to the
substrate due to the act of capillary forces amd $pring force of the structures
[137]. In-use stiction refers to adhesions thatuscafter the release stage, when
the switch is in normal use. Release stiction reduRIEMS vyield, while in-use

stiction can greatly limit MEMS switches reliabylitMany techniques have been
reported to solve the problem of release stictianhsas critical point drying,

freeze sublimation drying, vapour phase etchingadfrificial layers, and surface
modification to reduce the contact area [136, 1138]. These techniques can be
effective at the elimination of release stictionyt ihey do not prevent in-use
stiction. Therefore, in this work, we are only ceneed on in-use stiction

between the switch contacts.

One of the major problems in cantilever beam MEM&ch with metal-to-metal
direct contact is stiction within operation, whiohcurs when the cantilever beam
touches the contact pad, where the contacts sulfeaceme stuck in the form of
strong adhesion [30-34]. These surfaces may belanabseparate even if the
applied voltage has been removed as shown in Figure8. It is difficult to
predict the stiction, as this depends on the serfagality of the contact pads as
well as on the environmental conditions. Also, withw pull-down voltage
switches, stiction can be a serious problem. Theecfbefore the integration of
MEMS switches with printed antennas, the adhesrablpm associated with the
contacts needs to be resolved.
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Sticted
cantilever

Figure 6 - 8 : Stiction phenomenon in the cantilever MEMS switch

In order to overcome the adhesion forces generatéide contact interface, many
researchers have proposed reducing the surfacesiadhey: (a) selecting contact
materials with less adhesion; (b) addition of attlielectric layer to separate two
conducting electrodes when actuated between thetreties; (c) applying

chemical surface treatment; (d) eliminating contaation with plasma cleaning;
(e) increasing the equivalent spring constant lyrdasing cantilever thickness

and shortening cantilever length.

Although these techniques can increase restoringe$y the pull-down voltage

and insertion loss will increase significantly aseault, which reduces the device
efficiency. Hence, the design parameters shouldrbperly selected based on the
knowledge of adhesive forces [32, 34, 126, 140}his work, we propose a new
approach to provide enough restoring force to awewe the adhesion at the

interface.
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6.6 Proposed a New Cantilever Beam MEMS Switch Desi gn

In managing the trade-offs between the switch patars in this design, the pull-
down voltage and stiction problem are given thehégy priority, followed by the
insertion loss and the electrical isolation. Toues the spring constant of the
cantilever beam to obtain a low pull-down voltageere are three parameters that
can be changed, which are cantilever beam maténiakness, and cantilever beam
geometry. Of these parameters, only the changindp@fbeam geometry does not
require any fabrication changes. Making changea fabrication process can be a
costly endeavour and may add additional varialdles. example, it can be more
challenging to precisely control the beam thicknéss these reasons, we chose to
alter the cantilever geometry. Also, changing thatilever beam configuration can
be used to lower the effective spring constant @@mpact area as well as providing
high cross-axis sensitivity between vertical antkri dimensions. By carefully
controlling the spring constant of the switch bedhg pull-down voltage can be

tailored to a desired value.

In this work many cantilever beam MEMS switch cgafiations have been designed
and fabricated in order to lower the pull-down agk and solve the stiction problem.
Figure 6 - 9 shows cantilever beam switches wififiedint configurations. As a
conclusion from the analysis of the measured perémce of these MEMS switch
configurations, it is clearly seen that the camg@lebeam is the most crucial part of a
MEMS switch since it determines the pull-down vgiaand operation frequency and
it is the source of the most dominant failure medctras in the switch. The cantilever
beam must be strong enough so that the restoricg ftan overcome the stiction to
ensure proper operation of the switch. However,laviiie aim to maximize the
restoring force, there are several constraints tfast be considered such as: the
resonant frequency, which must be in G-band; thledmwn voltage, which must be
in a reasonable range; the gap between cantiley@act and bottom pad contact,
which must be above a minimum height to ensure garggblation; and the switch
size must be reasonable in order to ensure conifgtibith printed antennas at G-
band.
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Figure 6 - 9: Cantilever beam switches with different configioat

Perhaps the best candidates for integration witB-laand printed antenna is the
cantilever beam MEMS switch with non-meandered sasjpn which is shown in
Figure 6 - 10, since it can be operated at highueacies and is easy to integrate

with the antenna.

14C



Chapter 6 Reconfigurable Micromachined Antenna

Post

Tiny posts

Contact

Figure 6 - 10 : Structure of cantilever beam MEMS switch

The proposed MEMS switch structure has a movakpectemtilever beam which
consists of a contact pad and two non-meandergeess®ns connected with two
supporting posts from one side at the input sidin@. The other side is elevated
above the bottom output signal line. The contadt pannects RF signal lines and
enables actuation when a DC voltage is applied. drea of contact pad is a more
limited variable than others because the lagerambrad, the lower the insertion
loss, but also th@oorer the Off-state electrical isolation becaut¢he increased
capacitive coupling between the contacts pads. ddmacitance can be reduced by
increasing the air gap, but this increase in the gkso increases the pull-down
voltage because the same gap distance also de¢srrthie actuation capacitance.
Also, the increase in the pad area increases tbmlbvmass of the cantilever beam
and thus the switching time of the MEMS switch. Mawitches with different
contacts pad area have been fabricated and thestrieal and mechanical
performance tested. The switch with 3jii#6 contact pad area was chosen to be
integrated with the elevated patch antenna. laigd enough to provide lower pull-
down voltages, good isolation and minimize the aontesistance - avoiding any
ohmic heating due to passing a large DC or RF §idrence the cantilever beam

with 2um thickness of gold was used.
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When there is no DC voltage applied, the cantildgam will be in the up position
where the contact pad does not allow the RF sigmalirectly pass through the
switch. The cantilever beam can be pulled dowrhé&hkottom contact by applying a
DC voltage - creating a short circuit that allove tRF signal to pass through the
switch. If the DC voltage is then reduced, the ibewer beam releases back up

(typically at a lower voltage than the actuatioftage).

The geometry of cantilever beam in this design wlagsen to produce the lowest
possible pull-down voltage. Also, the gold was @rosis switch material since it
provides a low Young's Modulus of 57GPa. Howevexduction of the spring
constantk might cause more stiction problems during operatidmerefore, in this
design, we propose a simple integrated way to prtethe stiction problem using two
tiny posts located on the substrate at the freeoénide cantilever beam. These tiny
posts will limit the downward motion of the contapad and maximizehe
mechanical restoring force without significant effeon pull-down voltage. This

solution should be effective no matter what thei@ctause of stiction is.
To calculate pull-down voltage and compare withigieesd values, the cantilever

beam dimensions were measured using a Scanningrdgieldlicroscope S4700 as

shown in Figure 6 - 11.

142



Chapter 6

Reconfigurable Micromachined Antenna

1 1
iy
L Lxdpm)
\ 1
\
> 115pum \‘ ’, >
‘o
i < 55um > o
30um IZSum
A
wm—p e
50pm
v
o, s} fond |
< 120pum >
a) Top view
1.2um
! A
\
3.2um ‘ A \ 4
| H1.2 m
200nmA
b) Side view

Figure 6 - 11 : Dimensions of cantilever beam MEMS switch.

The calculated pull-down voltage wa4.8 voltbased on the Equation 6.6, which

agrees very well with the measured valud ®@f5voltwith an actuation current on

the order oflmA which corresponds to a power consumption1@5mw It

requires zero power to maintain the switch in gitine Off-state due to the nature

of the electrostatic actuatiorkigure 6 - 12 shows I-V measurements of the

proposed switch, this measurement was done usirmpnamafer DC probe station.

The switch Off-state capacitance and contact r@scg have been calculated
based on the measured dimensions and were appri@yn®a54 fFand 0.6152,
respectively. This results in high electrical igaa of -32.4dBand low insertion

loss 0f0.053IB at200GHz.
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Figure6- 12 : I-V measurement of the fabricated cantilever MEM&eh.

The proposed switches utilize physical contact etahwith low contact resistance
to achieve low insertion loss when actuated, seaih be operated at G-band
frequencies with isolation defined by the couplaagpacitance of the electrodes when

the switch is open.

6.7 Fabrication Process of Proposed MEMS Switch

The cantilever beam MEMS switch fabrication is lshea elevated micromachined
structures technology. The switches were fabricateda GaAS substrate with a
substrate thickness @&3Qum and a dielectric constant &2.9 The most common
materials that could be used for the fabricatiorthef MEMS switches are copper
(Cu), aluminum (Al), and gold (Au). Examining thede-offs of each one of them,
gold was a logical choice as the switch materialdor design [128], since it has
good conductivity @.452 /cm®), a smaller young’s modulus, low propensity to
form alien surface films, high melting point, egsdeposited and is corrosion
resistant. A schematic diagram of the cantileveanbeMEMS switch fabrication
process is shown in Figure 6 - 13.

The first two layers (dc switch pads, tiny post®) built with the same process using

E-beam lithography and evaporation and lift-offac80nm/25@m thickness for the

switch pads andOnm/1.2m thickness for the tiny posts of nichrome/gold raye
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This was the stage where accurate pattern tramsfeimost important as the e-beam

markers must be accurately reproduced to ensutethbaalignment of subsequent

layers is correct.

AN}’

a) Defined the DC contact pads using E  -beam
exposure process followed by evaporat ion and
lift-off of @ 30nm/250nm (nicr/Au).

Os

c) Electron beam evaporation of a  50nm/1.2um
thickness NiCr/Au layer followed by loft-off.

__Oarssss

e) Develop the pattern in 4:1 (AZ400K: H ,0)
and evaporate the seed layer.

L

E
AN H

g) Develop the pattern then and deposit
1.8um of gold using electroplating process.

O]sih

b) Spin 15% 2010 PMMA and 4% 2041 PMMA
resist followed by E- beam exposure and
devolvement for tiny posts pattern.

Uniform UV exposure illumination
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d) Spin AZ4562 photoresist followed by
baking and UV expose for the posts mask.

Uniform UV exposure illumination

TR R R
b L LY LV

f) Spin S1818 photoresist followed by
baking and UV expose for the cantilever
beam mask.

AR

h) lift-off all scarified layers

Figure6 - 13: A schematic diagram of the cantilever beam MEM8cwfabrication process.
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The second stage is to build the cantilever beamgusn air-bridge process. This
stage starts with defining the supporting post®\##562 photoresist followed by
exposure and development. The thickness of phasbresl determine the height of
the cantilever. The thickness can be varied asinedjly using different spinning
speeds. A 50nm/10nm thickness nichrome/gold segst \as deposited using the
Plassys MEB Electron Beam Evaporator. The Titanfliijplayer provides adhesion
for the posts contact, and the 10nm Au layer presvéhre Ti layer from oxidising. A
40nm layer of Au was then sputtered to providetealsd contact for the subsequent
electroplating. Next the switch cantilever beamsem®rmed in 2m thick S1818
photoresist followed by electroplating ofu# thickness of gold. The top layer of
1818 photoresist was removed by flood exposuredawelopment. The seed layer
was then etched away in gold etching to removeAihdollowed by Ti etch in 4:1
buffered HF. Finally the bottom layer of AZ4562resnoved by flood exposure and
development. Figure 6 - 14 shows the SEM photaafilever beam MEMS switch.

Tiny post

Figure6 - 14 : SEM photo of cantilever beam MEMS switch.
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6.8 Reconfigurable MEMS Antennas

An antenna that possesses the ability to modifgheracteristics such as resonant
frequency, polarization, radiation pattern or eaecombination of these features,
in real time is referred to as a reconfigurableeant [26, 119]. Based on the
definition, reconfigurable antennas can be dividded: frequency reconfigurable
antennas, radiation pattern reconfigurable antenpekrization reconfigurable
antennas and multiple reconfigurable parametersthef antenna. However,
frequency reconfigurable antennas are the most comamd attractive for many
applications, where it is required to have a siragleenna that can be dynamically

reconfigured to transmit or receive on multipleginency bands [112, 119].

6.8.1 Antenna Design

An integral step in the implementation processhis selection of an appropriate
antenna design. Before an antenna design is sd|es&veral factors must be
taken into consideration, such as the system pagace requirements (minimum
efficiency, power consumption, bandwidth, operatingquency, etc.), and also
other constraints, such as the antenna size, fadsication capabilities, etc. For
static single-antenna designs, these factors negdb® considered once in the
selection of the antenna structure. However, whenomes to reconfigurable
antennas, these factors must be considered at wast; once for the antenna
structure selection, and again for the reconfiglerabchnology being used. In
reality, the system performance requirements shbaldonsidered each time the
reconfigurable antenna switches from one reconéible state to the next, so the

antenna design works optimally for all possible fogurations[112].

The first part of the reconfigurable antenna desgthe antenna structure. The
structure of an antenna can take many shapes amd, sdepending on the
established design requirements. Usually, the muogiortant parameters to
consider will be size, profile, ease of fabricati@amd ability to reconfigure. The
second part of the reconfigurable antenna desigselecting how the actual

reconfiguration takes place. The reconfiguratiomcess depends heavily on
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which performance parameter should be altered, aiddch performance
parameters should remain fixed. For example, augaqy reconfigurable antenna
can be designed in two ways: one is to change hiysipal length of the antenna
in order to change the operation frequency, themwth to change the impedance
of the antenna [141].

6.8.2 Tuning Techniques for Frequency Reconfigurabl e Antennas

MEMS switches can be integrated with an antennatuie the operating
frequency of an antenna in a narrow frequency raridany examples of
frequency reconfigurable antennas have been destrib the literature using
different techniques, and their practical applicas have been successfully used
in communication systems. Most techniques are basedsing MEMS either in
the form of switches or as variable capacitancesgdneral, the techniques that

are used to design and implement frequency recordlge antennas are:

» Design of reconfigurable antennas by changing resonance length of
radiator element: The radiator element of the printed antenna maybe
patch, dipole or slot. The resonant frequency orapon is selected by
varying the length of the radiating element andstbbanging its electrical
length. The length of the radiating element carabered by using MEMS
switches along the radiator length. This will eratiie antenna to operate
at selective frequencies, i.¢& or f, [108, 112, 113, 115, 142, 143].

Examples of reconfigurable printed antennas areveho Figure 6 - 15.
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MEMS
switch
a) Reconfigurable dipole antenna b) Reconfigurable slot antenna
f
€------- R >
fy
€ - mmm e m—m >

MEMS switch

¢) Reconfigurable patch antenna

Figure 6 - 15: Examples of reconfigurable printed antennas by ghanresonance length.

Design of reconfigurable antennas by using slots in the radiator element: A
variety of slots are usually introduced to detdue turrent path on the radiator
element of printed antennas to control their resbm@ngth. The length of these
slots can be controlled by MEMS switches to recgunfé the printed antenna
operating frequency [115, 144]. An example of aordigurable patch antenna is
shown in Figure 6 - 16 - a using a slot to conth@ antenna resonance frequency.
When the switch is in the off-state, the electuerents on the patch have to flow
around the slot, as shown in Figure 6 - 16 - bylteyy in a relatively long length
of the current path. Therefore, the antenna ressnat a low frequency. In
contrast, when the switch is in the on-state, sofmée electrical currents can go
directly through the switch, as shown in Figure @6 - c. In this state, the
average length of the current path is shorter st the antenna resonates at a

higher frequency. This method also utilizes a $totneander the excited patch
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surface current, which leads to a large reductionhie patch dimensions. It is

important to realize miniaturization of the anterjhdl, 145].

MEMS switch

a) MEMS switch integrated with antenna

Current path

e N\ / N

- —— \ - — e D

U ..

/
===\
“\\ -_—— ;I N SN - 5
e U
b) Switch is off-state c¢) Switch is on-state

Figure 6 - 16 : Slotted patch antenna and its surface current gadlifferent switch state

» Design of reconfigurable antennas by using variable capacitors: Loading
the antenna with variable MEMS capacitors is aredfe method to
achieve frequency reconfiguration. The frequencycasitrolled by the
change of the capacitance of the variable capadiigure 6 - 17 shows
reconfigurable antennas integrated with a stub eoted with MEMS
capacitors to tune the operating frequency. Theattaristic impedance
of the stub affects the resonant frequencies. MEMd@acitors are placed
along the stub to change the characteristic impeslai the stub and to

dynamically load the antenna [146].
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Figure 6 - 17 : Rectangular slot antenna loaded with MEMS canégiteéype capacitors.

Design of reconfigurable antennas by shorting the radiator element:
This approach can be used to tune the patch antelantawo integrated
MEMS switches as shown in Figure 6 - 18. The MEM@tches are
positioned at the far end of the patch radiatingeed’'he patch operates at
its nominal frequency when the MEMS switches arghie off state. As
with other rectangular patch antennas, frequency opieration is
determined by the patch lendgthWhen the MEMS actuators are turned to
the on state, they add a capacitance in shunt with tpetilmpedance of
the patch. This added capacitance has the effeldwsring the resonant

frequency of the antenna[147].

’ L :!

Ux

MEMS
Shunt Switches

n¥

Figure 6 - 18 : Reconfigurable patch antenna using shorting swich
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Design of reconfigurable antennas by changing the thickness of the
antenna substrate: It is well known that the thickness of the dielect
layer of the printed antenna is a major factor @edmining the antenna
resonant frequency. The antenna can be tuned bgdunting an air gap
between the substrate and the ground plane, whakdclower the
effective permittivity of the cavity under the phtcHence, the resonant
frequency of the antenna could be tuned by adjgstie thickness of the
air gap [19]. For example the patch of a microsampenna can be printed
on the thin movable film which is elevated above tjround plane as
shown in Figure 6 - 19. The movable film deflectsmtward toward the
fixed ground plane due to the electrostatic fortattraction caused by the
applied dc bias voltage between the patch and toengl plane. This
deflection decreases the air gap thereby increadimg effective
permittivity of the antenna. This increase in effee permittivity results

in a downward shift in the resonant frequency.

Antenna radiator

L

Film —)H
Spacer —> Air Gap

Figure 6 - 19 : Tuning printed antennas by changing the substra¢&ness.
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6.9 Proposed New Reconfigurable Antenna Designs

The real challenge is developing interconnect aeeldfstructures to join the
antenna elements and MEMS switches together in sualay that the antenna
may be reconfigured to meet the needs of variopdicgiions. In this section we
will present novel two reconfigurable elevated patantennas, which are
designed on a high dielectric substrate GaAs amttaipd at G-band frequencies.
Still other reconfigurable antennas are under itigaon and their

configurations are shown in the Appendix B

6.9.1 Reconfigurable Elevated Patch Antenna

This design presents novel compact designs of &eqy reconfigurable elevated
patch antennas capable of achieving high tuningearwith using low voltage
cantilever beam MEMS switch. The antenna desighaised on elevated patch
antenna configuration since it is particularly abie for operation at G-band

frequencies - as discussed in chapter 5.

Antenna Design
Figure 6 - 20 shows the schematic view of the psegofrequency reconfigurable
elevated patch antenna. The antenna is monolithicategrated with MEMS

switches placed on a CPW stub for tuning the resbfraquency.

Reconfigurability of the operating frequency of thatch antenna is achieved by
loading the antenna feed line with a variable neaclbad. The MEMS reactive
load is a CPW stub on which MEMS switch is placectchange the state of the
stub from open circuit to short circuit, or in tie¢her words from capacitance
reactive load to inductance reactive load. Changimg imaginary part of the
antenna input impedance lead to tuning the resenémguency of the antenna.
The tuning range of the antenna can be controlieddjusting the length of the
stub at short and open circuit and connected mositiom the antenna patch. The
length and position of the CPW stub were optimizeing HFSS simulation

software. The stub length 8.14mmwhen the switch is in the up-state while
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0.047mmwhen the switch is in down-state, and it is locaa&d.46mmfrom the

patch feeding post. The cantilever beam MEMS swittiich has been discussed
in section 6.6 was used to tune the antenna resdreajuency. The states of the
MEMS switch, hence the loading reactance, can langéd by the dc actuation
voltage applied between the dc contact pads anttiswiantilever beam. Thus,
the CPW stub with MEMS switch provides a varial®aatance input impedance,

resulting in tuneability in the resonant frequency.

e ———

~ MEMS Stub

Ground plane

CPW feed

Antenna patch

Figure 6 - 20 : Configuration of rectangular elevated patch antedesign.

The antenna radiated patch is elevated above a QRMWNd plane by 18n

height of gold posts to reduce the dielectric stdist effects, and in order to
decide appropriate dimensions of the antenna aral aptimum design,
investigation was performed by simulation softwHifeSS. The dimensions of the
rectangular patch afe x W = 746um x 806:m with 2um thickness. The patch is
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fed by a gold feeding post connected to a CPW flaeal on gallium arsenide
(GaAs) substrate. The antenna ground plane ha% tlardge enough to reduce
diffraction of the edges for reducing ripples iretmain pattern and backward
radiation, and to shield the antenna from the ugydey elements and vice versa.
Hence, for this design, the ground plane dimensises: chosen a®/s x Ls =
1.5mm x 2.03mnmwith 1.2um thickness of gold to reduce the antenna ohmic

losses.

Fabrication Process

The antenna fabrication was based on elevated michined structures
technology. The antenna has four levels of heigih, first level consists of
30nm/250nmNiCr/Au for dc switch feed network pads, then theecontact pads
covered with 50nm of silicon nitride to isolate mnfrom the antenna ground
plane, this if followed by layer o60nm/1.2m NiCr/Au to form the antenna
ground plane and the switch posts. The cantileeanbof MEMS switch and air-
bridge were elevated b¥.2um gold posts, and finally the patch was elevated by
13um gold posts. The antenna was fabricated on aqu®3thickness SI GaAs
substrate with a dielectric constantX#.9 The height of the MEMS switch and
patch above the substrate can be varied as reqdoedptimum antenna
performance by changing the thickness of the plesist layers, which is used in
the airbridge process. This can be used to furémrance the patch bandwidth
when we cannot change the substrate thicknesshtorsake of the rest of the
module circuits. Figure 6 - 21 shows a micrograph tbhe fabricated

reconfigurable antenna.
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Figure 6 - 21 : SIM photo of fabricated reconfigurable antenna

Results

The proposed antenna is designed using an AnsofSHBimulator, and the
fabricated antennas were characterized using ate®gPNA Vector Network
Analyzer andl40GHzto 220GHzOML heads and in wafer dc prop station. The
resonant frequency of the antenna when the MEMSchwis in the up-state
occurs atl73GHz with good matching oR2dB and bandwidth obGHz from
171GHzto 176GHz As the height of the cantilevers moves down torsthe stub

at 12.5volt pull-down voltage, the resonant frequency shifis184GHz with
excellent matching o86dB and with nearly the same bandwidth as in the off-
state. Figure 6 - 22 and Figure 6 - 23 show thaukition and measurement return
loss of the reconfigurable antenna at differenttshvistates. The slight different
between the simulation and measurement returndasse be attributed to the small
geometrical disparity between the fabricated pyget and the simulated one.
However, this can be easily overcome in an indusiapufacturing process where all
of the fabrication conditions are optimized for pesific process. The antenna
radiates broadside for the two resonances and amgnthe reactive input

impedance does not cause any adverse effect orath&tion patterns. Also, the
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dc biasing connection between the top and bottaaeplof MEMS switch does
not have a significant effect on the antenna perforce since it is separately

connected.

RL dB
0.00

HFSSDesign10
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Figure 6 - 22 : Simulated results of return loss antenna at diffeseitch states.
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Figure 6 - 23 : Measured results of return loss antenna at Off@ndtate of MEMS switch.
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Proposed antenna demonstrates a broadside radjzitern over its bandwidth.
The maximum antenna gain 15iB when the switch at off-state while is3dB
when the switch at on-state. Figure 6 - 24 shovis dmulated radiation pattern
for the antenna gain at Off and On state of MEM&dw
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Figure 6 - 24: 3-D simulated radiation pattern (Gain dB) at OifleOn state of MEMS switch.

Although the CPW stub increases the antenna diraesssignificantly, it is a
simple way of loading the elevated patch antenrta @iMEMS switch without a
significant effect on the antenna performance. &fwe, it can be concluded that
the proposed antenna configuration offers new ntetisotune elevated antenna

at G-band region.

6.9.2 Reconfigurable Proximity Coupled Elevated Pat  ch Antenna

Other new design of reconfigurable elevated patuierama without using MEMS
switch will be discussed in this design. It is wiallown that the patch height of the
elevated patch antenna is a major factor in detengi the antenna resonant
frequency, as it has been discussed in chapteff@. example, By decreasing the
patch height, the fringing fields from the patclyes will decrease, which decreases
the extension in the patch length and hence tleetfe length of the patch, thereby

increasing the resonance frequency. Thereforebalse idea of this design is based
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on electrostatically adjusting the patch heightdatrol the resonate frequency of the

antenna.

Antenna design

The reconfigurable antenna design based on thamiyxcoupled elevated patch
antenna configuration which has been discusseadtion 5.5. The geometry of
the reconfigurable elevated proximity coupled paotenna is shown in Figure 6 -
25. The antenna patch was elevated using a nunifbemeandered suspensions
connected with gold posts over the ground plane fleandered suspensions were
used to reduce the actuation voltage, since thes lgiwv value of spring constant.
The posts number was determined considering thdetodf between electrical
performance and mechanical robustness. A large eurmbposts would offer a
stronger and more rigid mechanical performancéateixpense of an increase the
actuation voltage and back lobs radiation. In tiésign, the smallest possible
number of posts, while maintaining mechanical rabess, is decided as six; one
gold supporting post is used for each patch vepissitioned within25 x 25 un
rectangular slots and one for each middle poirthefpatch length edge connected
directly with substrate. The patch is excited bgxmnity coupling using a loop slot
formed in the ground plane and connected with ehdb@2 CPW feed line
underneath the patch on GaAs substrate. The cefrtine loop slot is also used as dc
pad to actuate the elevated patch. The patch igrasb at10.5um height when they
are not actuated and it can be lowered down temifft heights at different actuation

voltages.
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Meandered
suspension

— Movable elevated
patch

a) Antenna structure

b) Fabricated antenna

Figure 6 - 25: Geometry of the reconfigurable elevated proximiypled patch antenna.

The operating frequency of this antenna is eletdtimally tuned by applying a dc
bias voltage between the patch and the centreedbtip slot. The movable elevated
patch deflects downward toward the fixed groundh@ldue to electrostatic force of
attraction caused by the applied dc bias voltagdow the pull-down voltage, the
patch height gradually decreases with increasingpttage and therefore the antenna
exhibits a continuous upward shift in the resorfeejuency. Above the pull-down
voltage, the elevated patch antenna collapses thr@oground plane; hence the
antenna should not above the pull-down voltage. determine the pull-down
voltage, the elevated patch can be modeled as mbridge switch with six

meandered suspensions; therefore the Equatioraé.®& used to calculate the pull-
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down voltage and Equation 6.13 to calculate theatiffe spring constant. Based on

measurement dimension of the antenna the calcytatédown voltage i415 volt.

The antenna was fabricated on a GaAS substrateanitiickness of 630n and a
dielectric constant of 12.9 using the same proedssh has been used to fabricate
two level antennas. Figure 6 - 25 - b shows the $f&be of the fabricated antenna.
For the proposed operating frequencies at G-baadlitmensions of the patch have
been optimized using HFSS simulation software, tey areW x L = 68%m x
73Qum.

Results

The return loss of the elevated patch antenna weesuaned using an agilent vector
network analyzer with coplanar probes witiQum pitch size. For dc biasing the
antenna the grounds of the pitch connected withgtioeind of the dc source and
signal connected with positive. The measured relnsa of the antenna for applied
DC bias voltages of 0 volt and 42volt correspondimghe up and down positions,

respectively. In the up-position, the resonant deeggy of the antenna is about
189.2GHz with 18.7dB return loss. As the heighthd patch reduced by Appling

the dc voltage, the resonant frequency shifts tbGH&z at 42volt dc voltage and

with nearly the same bandwidth. Figure 6 - 26 shttvesmeasurement return loss

of the reconfigurable antenna at different voltage.

Proposed reconfigurable antenna demonstrates atseady broadside radiation
pattern over its resonant frequencies. The maxinaabtenna directivity is 6.2dB
when there is no applied voltage. Figure 6 - 27wsh@-D simulated radiation

pattern for the antenna directivity when thereasapplied voltage.
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Figure 6 - 26 : Measured return loss of reconfigurable proxinsibyipled patch antenna @and
42volt.
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Figure 6 - 27 : 3-D simulated radiation pattern for the antenna&dirity when there is no applied

voltage.

The important feature of the reconfigurable eledgtatch antenna presented here in
this section is that it is easy to fabricate usiwg level fabrication processes and
there is no need for dc feeding network since thévidsing and RF signal can be
connected between the signal and grounds of CPW Plois new tunable elevated
patch antenna is also suitable for implementatibfow cost and low profile RF

front end, tunable antenna arrays, and tunableatefl arrays.
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6.10 Conclusion

In conclusion, it can be seen that the proposedrara and switch configurations
described in this chapter, offer new method to glesand fabricate MEMS
switches and reconfigurable patch antennas. Thecktibn scheme offers a new
method for monolithic integration with active MMIansceiver circuitry. Also,
the antenna design is a solution reduces undesirbstrate effects, and a viable
route to higher levels of integration and functilitygproblem. To our knowledge,
this is the first ever-reported MEMS reconfiguraldéevated patch antenna

operating at G-band frequencies and fabricatedigin tielectric substrate.
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7. Conclusions and Future Work

7.1 Conclusions

The continued growth in applications exploiting tmeillimetre and sub-
millimetre frequency bands for imaging and sensamgl communications has
increased the need for improved high-frequency loip-antenna performance. As
discussed in the previous chapters, micromachingedpnology is key to high-
frequency antennas, and requires careful design raatisation to improve

performance as the device is scaled at waveleng¢ghdémensions.

This thesis presented a wide ranging insight ih® design, analysis, fabrication
and testing of micromachined printed antennas t& suitable for MMIC
integration at G-band frequencies (140GHz - 220GHy)humber of different
novel antenna configurations have been presentelisrihesis for the first time.
The presented antenna configurations offer sigaific improvements in
performance compared with previously reported wofkis thesis has also
investigated MEMS integrated antennas in orderctoieve multiband operation
at G-band. The developed work detailed various @spessociated with lowering
the pull-down voltage and preventing the stictisolpgem of MEMS switches and
shows how they can be integrated with industry cdath MMICs fabrication
process. This allows on chip integration and redion of novel multiband
antennas, and also high isolation MEMS switcheshmmnealized using the same

developed technology in this thesis. Antennas hla@en designed as a single
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element and all the limitations of the design aalrication have been taken into

account with promising performance and integratiapabilities.

The introduction chapter described the motivatiagtér for carrying out this
work. In that process, it outlined the future weg$ communication systems
requirements and challenges, the advantages andicapgms of G-band
frequencies are also presented. Accordingly, thiéneuof the study was worked

out, with a brief description of what is to be egl in each of the chapters.

To help evaluate antenna performance and to uratetsthe challenges faced
when designing and analysing antennas, it is nacgsso provide some
background information on some of the key paransed®d performance metrics.
The second chapter presented the basic theorytehaas and the fundamental
parameters used for evaluating antenna performakicénsight is given into the
printed antennas with a focus on the charactesisticpatch antennas and their
substrate-related effects at millimetre-wave frewies. The high dielectric
constant substrate is an easier medium for the ggagon of surface waves;

hence our designs are based on elevated antemcéusés to avoid these effects.

Before starting to design an antenna, specification requirements that the
antenna has to fulfil have to be taken into accotihe design of printed antennas
require an understanding of the electrical and [@aygroperties of the antennas
and an awareness of fabrication and simulationaso# related issues in order to
obtain proper results. There is no ideal processigsign and analyse patch
antennas and closed form equations to calculatepdinameters which give the
best performance do not exist. Therefore the dinoessof the antenna are
roughly evaluated and then altered iteratively lutite desired performance, or
the closest possible approximation, is achievea ditenna designs of this work
were done through using transmission line modelysiato calculate the initial

dimensions of the antenna and then simulation softwis used to predict the
antenna performance, taking into account its ddsseecifications. This thesis

presents High Frequency Structure Simulator (HFSB8ulation software as an
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effective tool for modelling and predicting antenparformance, combining it

with a powerful PC to increase the design accurdopugh finer meshing.

However, understanding of the electromagnetic bhavof the structure to be
simulated is usually needed. Therefore, a desid¢nasr also to be aware of the
software-related issues, such as the port defmitiod boundary conditions, in
order to properly model the real environment of éimenna. Many design factors
have been studied and optimised in this work aaraqf a trade-off between the
antenna performance and the physical realizatiorsiderations of the elevated
patch antennas. The electromagnetic design vatidadf the proposed antennas
in this work depends on matching between the sittalaand measurement s-

parameters, which are measured using a Vector NktAwalyzer.

A new approach for fabricating micromachined antenbased on the
development of the elevated structure processbban introduced in this work to
fulfil the fabrication process requirements. A kegabling technology for the
successful development of the fabrication process dombining the
photolithography with e-beam lithography proces®esreate 3-D structures. The
antenna fabrication scheme provides a new methadfdbrication of 3-D
multilevel structures without etching the substrafbe antennas went through
several fabrication steps and experience was aceteruthrough repeated cycles
of fabrication and measurement of antenna perfoomamhe antennas were
fabricated on a GaAS substrate with a substratekileiss of 630m and a
dielectric constant of 12.9. Gold was used as aamt&i build the antenna
structures because of its high performance andrésistivity characteristics. The
new process of the antenna fabrication has therdadga that the antennas can be
fabricated using multiple levels, and the heighttleé elevated antennas can be
specified in the process and can be varied by séweicrons, regardless of the
substrate used. This can be used to further enhidwecantenna bandwidth when
we cannot change the substrate thickness for tke shthe rest of the module
circuits. Thus, the elevated antenna can meetrdifteapplication requirements

and can be utilized as a substrate independenticolu
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Different new feeding mechanisms for elevated mitaiochined antennas were
presented in this work for the first time and offapre degrees of freedom for
antenna design. These feeds provide low loss asd tependence of the
characteristic impedance on the substrate height marmittivity. In addition,
new alternative topologies of G-band micromachiaatennas on high dielectric
substrate for MMICs applications have been preskntéxperimental and
simulation results are provided to demonstrate dffectiveness of the antenna
designs and demonstrate the feasibility of G-bandramachined antennas on
high dielectric substrates. For example, the measant results of three level
proximity coupled patch antenna showed an excelteaich of -32dB at 196GHz
and bandwidth of 15GHz with high gain of 7.18dB ardexcellent front-to-back
ratio of 32.2dB indicating good coupling betweew fieed and the patch. This
indicates a high radiation efficiency structurecss the designed bandwidth. All
proposed antenna configurations have several adgast over previously
reported micromachined antennas on high dieledtibstrates such as: the
antenna topologies offer an easy method for intemrawith MMIC processes
and they eliminate the undesired substrate effsictse the antenna substrate is
essentially air (the lowest possible dielectric stamt). This increases the
radiation efficiency, gain, and the radiation baidiv. Furthermore, the
corresponding dimension for antennas working ata@ebis on the millimetre
scale, thus allowing integration of 3-D antennashwRF circuitry on a single
chip. Therefore, the performance exhibited by theeana makes it an attractive

candidate for many millimetre-wave applications.

A key enabling technology for the successful depelent of reconfigurable
multi-band antennas is the development of switchigls low loss, high isolation
and low bias power requirements. MEMS switches wetr®duced in chapter six
as a prime candidate for integration with elevapadich antennas at G-band to
enhance the antenna performance and make veryeeffiose of limited area.
Cantilever beam metal-contact switches have bedecteel for this work to
integrate with elevated patch antenna. Recent wgr&ther researchers show the

cantilever beam MEMS switches have very good peréorce, but the current
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implementations still suffer from a high pull-dowroltage and the stiction
problem - restricting their integration with pridteintennas. Lowering the pull-
down voltage in this work is based on reducing $peng constant by changing
the cantilever beam geometry of the MEMS switchgsiit does not require any
fabrication changes and lowers the effective spoogstant in a compact area as
well as providing high cross-axis sensitivity beéme vertical and lateral
dimensions. The stiction problem has been overcomihis work by a simple
integrated method using two tiny posts locatedtendubstrate at the free end of
the cantilever beam. These tiny posts limit the deard motion of the contact
pad and maximizéhe mechanical restoring force without significgnaiffecting
the pull-down voltage. Also, this chapter has pnésé two novel reconfigurable
elevated patch antennas. The first antenna is ntbraally integrated with
MEMS switch for tuning the resonant frequency. Rdmurability of the
operating frequency is achieved by loading the mmaefeed line with a CPW stub
on which the MEMS switch is placed to change th&\Cfubs imaginary part of
the antenna input impedance. The resonant frequehdliis antenna when the
MEMS switch is in the up-state occurs at3GHzwith good matching o22dB
and bandwidth 06GHz, and a the height of the cantilevers moves down to short
the stub atl2.5volt pull-down voltage, the resonant frequency shiftd84GHz
with excellent matching 086dB and with nearly the same bandwidth as in the
off-state. The second antenna is a new design adnfeggurable elevated patch
antenna without using MEMS switch. The basic idédahos design is based on
electrostatically adjusting the patch height to tcointhe resonate frequency of
the antenna. To our knowledge, this is the firstereneported MEMS
reconfigurable elevated patch antenna which operates-band frequencies and

is fabricated on a high dielectric substrate.
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7.2 Future Work

Although the research for this thesis has beennskte, there are still several
unexplored areas of research that can be suggkstédure work such as:

* Build more complicated 3-D structures to enhantegh-level integration

of several passive components and transmissionanedi

* The packaging of printed antennas and MEMS switéhe®ry important
and has proven to be very challenging due to requents related to

performance and cost requirements.

» Elevated patch antenna arrays fed with CPW, EC-GRP\WMS lines can
be designed and investigated on high dielectricsgabes to increase the
gain and radiation efficiency of the antenna. Al$as possible to have an
array whose pattern can be reconfigured by comiglthe patches feed
using MEMS switch. This can add another degreeaddom to the design

of the array.

* Building an on-wafer anechoic chamber to measuee gtinted antenna
radiation pattern at G-band using standard micr@vaaboratory
equipment will be a very challenging task as anéemeasurements at this
band pose several difficulties, mainly due to theh physical size of the
antennas and the requirement for wafer probinghas danly means of

connecting to the antenna.

* The examination and development of new reconfigigraimtenna designs
which incorporate low pull-down voltage MEMS swith to achieve
bandwidth control or allow the antenna to steer éimenna beam is a

challenging area in which these antennas couldnpedved.
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Appendixes

Tapered antenna

Slot antenna

-

Printed dipole antenna

Appendix A

Elevated circular patch antenna

CPW fed notched patch antenna

Elevated patch antenna
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Elevated Vivaldi antenna with circular Monopole elevated patch antenna

transition

Elevated Vivaldi antenna with Elevated Yagi uda antenna

rectangular transition

Elevated Vivaldi antenna with ring Elevated E-shape antenna

transition

184



Appendixes

Approximately coupled antenna

Approximately coupled antenna

Approximately coupled antenna
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EC-CPW fed notched patch antenna

Crescent elevated antenna

Elevated microstrip line feed elevated

bowtie dipole antenna
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Reconfigurable elevated patch antenna using Reconfigurable patch antenna without switch

one switch
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