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Abstract

Communication systems at microwave and millimete/evregimes require compact broadband
high gain antenna devices for a variety of applticet, ranging from simple telemetry antennas to
sophisticated radar systems. High performance saally be achieved by fabricating the antenna
device onto a substrate with low dielectric constarrecently through micromachining techniques.
This thesis presents the design, fabrication, alseand characterisation of microstrip and CPW
fed micromachined aperture coupled single and staglatch antenna devices. It was found that
the micromachining approach can be employed tcesiehd low dielectric constant region under the
patch which results in suppression of surface wavekshence increasing radiation efficiency and
bandwidth. A micromachining method that employsotplithography and metal deposition
techniques was developed to produce high efficieamgnna devices. The method is compatible
with integration of CMOS chips and filters onto@mmon substrate. Micromachined polymer rims
(SU8 photoresist) was used to create millimetrekthaiir gaps between the patch and the substrate.
The effect of the substrate materials and the d&es of the SU8 polymer rims on the
performance of the antenna devices were studiedhdogerical simulation using Ansoft HFSS
electromagnetic field simulation package. The mmbestructures were fabricated in layers and
assembled by bonding the micromachined polymerespaogether. Low cost materials like SUS8,
polyimide and liquid crystal polymer films were dstor fabrication and assembly of the antenna
devices. A perfect patch antenna device is inttedwby replacing the substrate of a conventional
patch antenna device with air in order to compaitd the micromachined antenna devices. The
best antenna parameters for a perfect patch antmwiee with air as a substrate medium are ~20%
for bandwidth and 9.75 dBi for antenna gain witradiation efficiency of 99.8%. In comparison,
the best antenna gain for the simple micromachgatch antenna device was determined to be ~8.6
dBi. The bandwidth was ~20 % for a microstrip fiel/ice with a single patch; it was ~40 % for
stacked patch devices. The best bandwidth and @fath58 GHz (50.5%) and 11.2 dBi were
obtained for a micromachined sub-array antennacdeviThe simulation results show that the
efficiency of the antenna devices is above 95 %halfy, a novel high gain planar antenna using a
frequency selective surface (FSS) was studiedgeration at ~60 GHz frequency. The simulation
results show that the novel antenna device hasbstatial directivity of around 25 dBi that is

required for the emerging WLAN communications & 8 GHz frequency band.
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CHAPTER 1 INTRODUCTION

1.1 BACK GROUND AND MOTIVATION

The seemingly insatiable and growing demand for paety multi-function, multi-
frequency electronic systems for communications ether applications, is continuing to
drive the search for devices offering more and nhbamredwidth. There is growing need for
wideband, high gain communication systems in theaxd (8 - 12 GHz) for terrestrial
broadband communications and networking as wefoasadar applications. Similarly,
direct broadcast satellite (DBS) and various o#pglications in the Kband (10 - 14 GHz)
such as radio astronomy service, space researcitesemobile service, mobile satellite
service, radio location service (radar), amatedlioraervice and radio navigation, may
require embedded antenna systems at different bdndslt would be ideal if efficient,
broadband and cost effective planar microstrip thesm@enna and antenna array devices
could be designed covering all these bands. Amteoperating in UWB scenarios face the
difficulty to maintain invariable performances,.j.phase linearity, radiation efficiency and
impedance match over large bandwidth, frequencgpeddent radiation patterns [2].

The majority of prediction models for cellular migbradio, for instance are based on path
loss that is inversely proportional to the gainghe# transmitting and receiving antennas
[3]. The benefit of reduced path loss is thatliase station can transmit lower power and
there will be less variation in the signal levelaiighout the cell in the case of a cellular

system [3].

For these high frequency systems, compact sizehagid performance can usually be
achieved by fabricating the antenna onto a lowegdieic constant material and integrating
it with the remaining circuitry implemented on aghidielectric constant substrate in
neighbouring regions in the same package. Thisdtreas serious implications for
antennas, where these are required to be embedtidd the system package, such as a
mobile phone. Systems operating in the microwan raillimetre-wave frequency bands
offer the possibility of high levels of integratiasf individual devices in high density
layouts. The most compact circuit designs areriatty achieved by employing high

dielectric constant substrates, but this is a requeént which is essentially incompatible
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with the needs of an embedded planar antenna. &woieimnas radiate most efficiently
when fabricated onto substrates which exhibit laelettric constant and low substrate
losses. While it is not impossible to fabricatemstrip or coplanar circuits, together with
planar antennas on the same high permittivity @ilisubstrate but the antenna gain and
efficiency will inevitably be very poor [4]. Thentenna gain and efficiency also decrease

with loss tangent of the substrates as can beiseggction 2.2.

Various schemes have been suggested, in recers, y#ared at overcoming the opposing
substrate requirements of circuits and antenndsesd largely involve the use of layered
materials with high and low permittivity’s in adgat layers [5, 6]. However such methods
tend to be of quite limited versatility and thentlenow is toward selective removal of
substrate in the vicinity of the antenna. This dam done by for example, bulk
micromachining an air gap between the planar amsténsually a conducting patch) and the
ground plane. The advantages of doing so arellasvio

= Lower effective dielectric constant, hence widecgit dimensions

= Ease of fabrication and relaxed dimensional tolezan

= Lower attenuation

= Enhanced radiation efficiency in case of antennas

= Eliminating surface waves
Micromachining technology continues to develop, &nd being applied in new ways to
embedded antennas to improve their performancee URe of selective lateral etching
based on micromachining techniques to enhancedtfermance of rectangular microstrip
patch antennas printed on high-index wafers suckil@e®n, GaAs, and InP have been
developed in the past decade [4]. Over the lasadke several micromachining techniques
have been developed for producing microwave wawve mmillimetre wave antennas.
Devices using these procedures have achieved heggformances compared to the
conventional patches printed on to relatively hijlectric constant substrates. A post-
foundry micromachining process is ideal for prodgciigh efficiency communication
systems by fabrication of components on thin dieleenembranes within the ICs, thus
removing the substrate losses for critical comptnench as inductors and antennas by
increasing the parallel resonant frequency of itmhscand improving bandwidth and

radiation properties of antenna structures.



This project aims at developing inexpensive micronirdng processes for producing SU8
(photoresist) polymer rim based air suspended patténna devices. An improvement in
the antenna bandwidth, gain and efficiency perforceafor the antenna devices is
obtained. An aperture coupled feeding techniqueldsen employed to reduce the feeding
losses and a stacked patch configuration is usedmpwove the bandwidth of the
micromachined patch antenna devices. The apexatpled feeding technique has
intrinsic properties which make it an attractivattee for millimetre wave applications. It
has been found that antenna devices designed Wghfdeding technique can easily be
impedance-matched by tuning the dimensions of leégagion aperture and adding a small
tuning stub.

The contributions of this thesis are related todésign, fabrication and characterisation of
novel micromachined aperture coupled antenna depiototypes. Several advantages
have been shown for the proposed micromachinedhaatelevices including a simple
feeding structure, a CMOS-compatible monolithiegration scheme, wide bandwidth and
high efficiency.

1.2 THESISOUTLINE

Chapter 2 contains a literature review for the glesind simulation work undertaken for the
micromachined antenna devices. A brief historypafch antenna devices and aperture
coupled patch antenna devices is provided. Thislieswed by a review of the different
substrate materials including the advanced polycoenposites developed recently for the
microwave and millimetre wave antenna applicatidMarious micromachining techniques

and micromachined antenna devices are also presienteis chapter.

Chapter 3 presents the electromagnetic analyshnigpees for micromachined aperture
coupled patch antenna devices. This is followedH®y/work on design, modelling and
simulation of the micromachined antenna deviceBe Jimulated results are presented for
each of the antenna designs and compared for flectren coefficient (%), radiation
pattern, gain, directivity and efficiency. The exff of the substrate materials and the
dimensions of the SU8 polymer rims on the perforceaaf the microstrip and CPW fed

micromachined aperture coupled antenna devicegisgcassed.



Chapter 4 describes the fabrication and assembtiieomicromachined aperture coupled
antenna devices. The processes, fabrication tfasiliand processing parameters are
outlined. The fabrication of feeding and apertig@ures on the microwave substrates and
radiating patch elements on polyimide and LCP (ldqgarystal polymer) substrates is

presented.

Chapter 5 presents the results from the RF charsatien of micromachined antenna
devices based on reflection and radiation measuresmerhe antenna gain and radiation

pattern measurements were carried out in an arechamber.

Chapter 6 presents the conclusions and future work.

Appendix Al describes design and fabrication of mromachined FSS (Frequency
Selective Surface) based antenna device fabricdtipmigh gain operation at 60 GHz.
Full-wave simulation was carried out using comnadlgi available software,

Microstripes™, to predict the antenna performance.



CHAPTER 2 MICROMACHINED PATCH ANTENNAS

This chapter provides a description of previous kvoonducted within a number of
research areas in the development of patch antemththe micromachined patch antenna
devices. A brief history of patch antenna deviees aperture coupled patch antenna
devices is presented. This is followed by the prsg in substrate materials including the
advanced polymer composites developed recentlynfmrowave and millimetre wave
antennas. Various micromachining techniques anctamachined antenna devices are

also presented in this chapter.

2.1 REVIEW OF MICROSTRIP PATCH ANTENNA DEVICES

A comprehensive review of the microstrip antennaiais and technology has been
presented by Carvet al[7]. “The microstrip antenna concept was developégears ago

and was first introduced in the US by Deschamp8]while at the same time in France by
Gutton and Baissinot [9]. Striplines and striplaiscontinuities and their radiation patterns
were studied initially in 1970's when work on tlaeliating metallic strip separated from a
ground plane by a dielectric substrate was repditeByron [10]. The radiating element
was half wavelength wide and several-wavelengthsg land was fed by coaxial

connections along both radiating edges at periodervals. In the project Camel, these
radiating elements were used as an array”. Theegirof a microstrip element was first
patented by Munson [11]. Basic work on rectangatad circular microstrip patch antenna
elements was first published by Howell [12]. Adulial work on basic microstrip patch

elements was reported by Garanal [13], and Howell [14] in 1975. Several microstrip
geometries were developed by Weinschel for theer wigh cylindrical S-band arrays on

rockets [15]. Sanford showed that the microstigment could be used in conformal array
designs for L-band communication from a KC-135 raificto the ATS-6 satellite [16].

Munson can be credited for the development of msiciw antennas for use as low-profile
flush-mounted antennas on rockets and missiles [Ifiese microstrip antenna devices

served as a practical concept for use in many aatsystem applications.



In recent years, the applications of patch antelawices are wide spread and a number of
the feeding methods and patch designs have beesloped to meet the need of the
different applications. The basic configuration afmicrostrip antenna consists of a
metallic patch printed on a thin, grounded dielecgubstrate [1, 17, 18] as shown in Figure
2.1(a). The patch element was originally fed wither a coaxial feed through the
substrate. An alternative type of excitation aboavfeeding network on the substrate either
by a microstrip line or a coplanar microstrip linéigure 2.1 also shows the microstrip edge
fed and aperture coupled configurations for thelpantenna. A microstrip antenna device
has a low profile and it can be fabricated usingntpd circuit (photolithographic)
techniques. The design of microstrip antennas mromwave and millimetre wave
frequencies is closely related to the feeding teplen At these frequencies, there are
several problems such as feed dimensions, soldefipgobes associated with the classical
feeding techniques, such as coaxial probe (Figuréd) or edge feeds (Figure 2.1 (a) and
(b)). These considerations are even more impoffiantwideband applications, which
require thicker substrates. On the other hand,ajmerture coupled feeding technique
(Figure 2.1 (d)) has intrinsic properties which makan attractive feature for millimetre

wave applications.

An aperture coupled feeding technique has beenlajex to decrease feeding loss and to
improve the bandwidths of the patch antenna devidé first aperture coupled microstrip
antenna was fabricated and tested by a graduatierdfuAllen Buck, in 1984, at the
University of Massachusetts. This antenna devies fabricated on a Duroid substrate
with a circular coupling aperture and operatedaitiad 2 GHz [19, 20]. Single layer probe
or microstrip line-fed patch antenna devices argétdid to bandwidths of 2%-5%. Aperture
coupled antenna devices have been demonstrateva@ bandwidths up to 10 - 15%
with a single layer [21-23], and up to 30-50% wstiacked patch configurations [22, 24,
25]. The improvement in bandwidth is primarily esult of the additional degrees of
freedom offered by the stub length and couplingtape size. The tuning stub length can
be adjusted to offset the inductive shift in impada that generally occurs when thick
antenna substrates are used, and the slot canobghibrclose to resonance to achieve a
double tuning effect. Use of a stacked patch goméition also introduces a double tuning
effect [5, 22, 24-32].
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(d) Aperture coupled feed

Figure 2.1 lllustration of feeding methods for naistrip antennas

As a result, wide-band operation of this type ofcnostrip fed antenna has been
demonstrated at microwave and millimetre wave feagies using either single or stacked
patch configurations. Although all of the couplingethods depicted in Figure 2.1 have
been shown to give excellent bandwidth charactesisthe indirect methods (Figure 2.1(b)
and (d)) give rise to a high back-radiation levélowever this is only true for aperture

coupling (Figure 2.1(d)) if the aperture is neasomance. The aperture coupled antenna



and normal CPW fed antenna devices can also bedsdnl at microwave and millimetre
wave frequencies in the 5-30 GHz region [29, 32-36has been found that the CPW fed
antennas can easily be impedance-matched by tuhmglimensions of the excitation
aperture and by adding a small tuning stub in tieeigd plane. Numerous advantages arise
for an aperture coupled configuration includingsta@ummarized previously [19] are listed
below:

0] The configuration is suited for monolithic phasedgs, where active devices
can be integrated on, for example, a gallium adeesubstrate with the feed
network, and the radiating elements can be locatedan adjacent (low
dielectric constant) substrate, and coupled to fded network through
apertures in the ground plane separating the twstsates. The use of two
substrates avoids the deleterious effect of a Higlectric-constant substrate
on the bandwidth and scan performance of a priatéenna array.

(i)  No radiation from the feed network can interferdhwihe main radiation
pattern, as the ground plane separates the twoanischs.

(i)  No direct connection is made to the antenna elesnesat problems such as
large probe self reactances or wide microstripljredative to patch size),
which are critical at millimetre-wave frequenciase avoided.

(iv) Ideal for micromachined antennas. The fabricatiba directly coupled feed
probe would involve many fabrication steps.

(v)  The aperture coupled feeding technique has intripsdperties which make it
an attractive feature for millimetre wave applioas.

(vi)  Wide-band operation of this type of microstrip ama has been demonstrated
at microwave frequencies (1 - 10 GHz) using eitkiagle or stacked patch
configurations.

(vii) A simple aperture coupled antenna structure gigesto a high back-radiation
level if the aperture is near resonance - this lpralis eliminated by adopting

a stacked antenna configuration.

A simple configuration of an aperture coupled mstrip antenna is shown in Figure 2.2. It
consists of a radiating patch on one substrateledup a microstrip line feed on another
parallel substrate, through an aperture in theveténg ground plane. It should be noted

that the aperture coupled microstrip antenna carudesl for both linear and circular
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polarizations. It requires two co-located orthogloapertures each one excited by a
different feed line. Each aperture excites ortmajdinearly polarized resonances under
the normally square patch. The polarisation of thdiation from the patch is then
dependent on the relative magnitude and relativas@hof the signals entering the
independent feed lines. Circular polarisation lidamed when the signals are equal in

magnitude and in quadrature phase.

Top patch

Microstrip feed line

Figure 2.2 Schematic diagrams showing the apertorgled patch antenna.

For conventionally fed patch antennas as in (Figui€a) to(c)) it is well known that to a
very good approximation the patch resonant frequési@ictated largely by the size and
shape of the patch. This is not the case in agedoupled patches. The aperture also has
a resonant frequency and the coupled resonatonsetbrby the aperture and the patch
resonates at a frequency determined by simpler fitteeory. In this section a
micromachined microstrip fed aperture coupled amers studied in depth. We then
examine micromachined aperture coupled stackedhaateevices fed both from microstrip
and CPW line. Antenna performances are assessedafibus antenna configurations.
Reflection coefficient (§), VSWR, normalise radiation pattern, gain, dirgtyi and
efficiency parameters are presented for a rangesijn parameters with the results plotted
as a function of frequency as necessary. Thetsftddhese different design parameters on

the antenna performance are discussed.



2.2 BASIC PROPERTIESOF MICROSTRIP ANTENNA DEVICES

The antenna analysis presented in this sectiorased on approximations of a rigorous
solution by David R. Jackson [37]. The simplifigeory provides a direct insight into the
effect of the substrate parameters such as reldielectric permittivity §) and substrate

thickness on the behaviour of patch antennas [38. analytical expressions are used to

provide initial design information for the microntmced antennas presented in this thesis.

2.2.1 Resonanant Frequency

Figure 2.3 shows a schematic illustration of a pstnip patch antenna. The TMnode of
operation gives a broadside radiation pattern feecangular patch and thus it is used
extensively. This mode has goariation and has a length bfthat is approximately one-
half wavelength in the dielectric medium. Thus plaéch element acts as a wide microstrip

line of width, W, that forms a transmission-line resonator of lerigth

Patch (coppe

Ground plane

Figure 2.3 lllustration of a microstrip fed patcimt@nna device

For a rectangular patch antenna device, thg,Jiode has a normalized electric field
given by

2
E™(x,y)=- Ko cos™% cosn (2.1)
J WELE, L w
where ¢, is given by e, =¢ - je; 4nq tana:i &, and y, are the permittivity and
E )

r

permeability of free space;, is the relative permittivity k, = a6, and «, = 27, is the
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angular frequency in free space. The resonanuémy f,,, (resonance frequency of (m,

n) mode) is given by

2 2
=" (Mj +[Ej (2.2)
2m,[&, L w
For TMyp mode, the resonant frequengyit given by
-_¢ (1
fo = \/Z[ﬂj 2.3)
Wherec is the speed of light and is given by]/,/uoeo (2.4)

Due to the fringing fields at the ends of the pastément the electrical length of the
element is effectively longer than the physicaign A formula for computing the length
AL associated with the fringe fields has been deriweHlammerstad [39]
(e, +03 % +O.264J

AL o412
h

(2.5)
(e, -0.258 % - o.sj

The physical dimensionl. (length as shown in Figure 2.3) of the patch damstbe

approximated by

L=—C% _-onL (2.6)

2fo e

Thus, a higher substrate permittivity allows for smaller antenna (miniaturised)

dimensions. The frequencly represents the resonance frequency of the patity.ca

2.2.2 Quality factor

The goal in antenna design is to produce an anteystam which has high efficiency and
large bandwidth. These parameters are interrelatddt is hard to independently set these
parameters. The stored energy in the cavity regimeiuding the energy stored in the
fringing fields around the structure, can be calted and then compared with the various
losses to compute the Q (quality) factor. The badth and efficiency of an antenna
device are related to the Q factor of the anteravécd. For a resonant type of antenna such

as the microstrip antenna, the Q factor is defaed
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Q- %[—sj (2.7)

where «, = 27, is the angular resonance frequency of the patehycaJs is the energy

stored inside the patch cavity, aRg is the time average power going into the antenna
device, which is equal to the average power bedaljpted plus dissipated. A microstrip
antenna device has dielectric loss, conductor lasd, possibly surface-wave loss. The
surface-wave loss depends on the environment swinog the patch. If the substrate
extends beyond the patch but ends at some distamag, the propagating surface wave
will diffract at the edge of the substrate and arhwnto a radiation field. In this case the
surface wave power is not actually a loss, butdiffeacted fields will typically result in

pattern degradation. The quality factor can be esged as

Q :w{ Ys ] (2.8)

(Psp + Pc + I:’d + Psw)

wherePr,,, P., Py, Py, denotes the average power radiated (space waeejyvtrage power

lost in the conductors, the average dielectric pdass (substrate) and the average power
lost in the surface wave respectively. The sumheké powers is equal to the average
power going into the antenna device. The totalityufactor can be represented in terms of

the individual quality factors as

1 1 1 1 1
S+ +—+

Q Qsp Qc Qd st

where Qp Qc, Qu and Qu denote the space-wave, surface-wave, dielectrat,canductor

(2.9)

quality factors corresponding to the power radiated space, launched into the funda-
mental TM, surface-wave, dissipated by dielectric loss, aisdiphted by conductor loss,

respectively. The dielectric quality factor is giMey

Qi =— (2.10)

wheretand =¢"/¢', £" is the imaginary component amd is the real component of complex

dielectric permittivity. If the ground plane andtph metal have surface resistanegs,

Ry, and RS denotes their average, then the conductor Q feetgiven by
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Q. = 4 (”7"]{%} (2.11)

wheren, =377 is the free space impedance. The surface resestamelated to the
conductivity of the metalg , and the skin depth is given by

2

o= 2.12
oo ( )
R2'®can then be expressed as
1
= 2.13
=5 (2.13)

The Q factor that accounts for the radiation irgace is given as

=i s vt ) @18

whereLe.= L + 24L and W = W + 24W are the effective length and width of the patch.

The fringing length AL is given by equation 2.5, while the fringing widshapproximately
given by

AW = h['”?“] (2.15)

Thus, the space wave quality fac@y of the antenna is inversely proportional to the

substrate thickness h, for a given substrate nadtdithe quality factor due to the surface

wave is given by

ehed
Q= Qsp(f_J (2.16)

1-¢g"

where €™’ denotes the radiation efficiency of the patch whetounting for only surface-

hed

wave loss, and not dielectric or conductor loske Value ofe™ can be obtained from

equation 2.27.

2.2.3 Input Impedance and Bandwidth

From simple circuit theory, the input impedancagfatch antenna is given by [37]

Ziw = jad, +% (2.17)
1+ jQ(f -)
R
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where L, represents the probe inductance (microstrip fees) nd the frequency ratio is

defined adr = f /fo, with fo being the resonant frequency of the patch catlity (esonance
frequency of the RLC circuit). The impedance resme frequency of the patch (the
frequency for which the input reactance is zemylanoted by;, due to the presence of the
feed line reactance. The terR, represents the input resistance of the patcheatavity
resonance frequendy (fr = 1), at which the input resistance is a maximuifrhe total
quality factor Q is given by equation 2.8. At the impedance resoedrequency,, the
relation between the input resistance and the prebetance is given approximately by
[37]

(2.18)

where X, =«,L, and ¢, is the angular frequency & Thus from equation 2.18, at the

impedance resonant frequendy,the input resistance,, will be slightly lower than the

maximum value oR. Figure 2.4 shows the equivalent circuit modeltfee microstrip-fed

patch antenna device whergrepresents the probe inductance (microstrip fews) ind R,

L and C represents the resistance, inductance agpatitance of the patch resonator cavity

L

respectively.

Figure 2.4 Circuit model for the microstrip-fed patantenna device.

The probe reactance usually shifts the impedarsmnesnce up from the cavity resonance

by an amouniy = f, - f, given by the approximate relation as below [37]
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The bandwidth of the patch element can be defin@ah the frequency limits at which the
voltage standing-wave ratio (VSWR) reaches a aenalue, assuming that the feeding
transmission line that connects to the patch ifeptly matched at the resonant frequency.
The impedance bandwidth is defined from the frequdmits f; andf, at which VSWR is
equal to 2.0 (-10 dB impedance bandwidth)

fz_ fl

BW = (2.19)

wheref; is the impedance resonant frequency of the paitctif; andf, are the low and
high frequencies on either side of the resonanequency at which VSWR (Voltage
Standing Wave Ratio) = S, with S being a prescrivade. The bandwidth is given with

respect to ‘Q’ of the patch antenna by

S-1
BW="= (2.20)
VsQ
For the commonly used definition S = 2 (reflectogefficient of about -9.54 dB), we have
1
BW=——— 2.21
V2Q &2
The relationship between the reflection coefficight) and VSWR is given by
vswre 1= (2.22)
1-Su
Where s;,is given by
Z, -7,
=0 2.23
=7 (2:23)

where Z,is the characteristic impedance and is usually fafdsofor a microwave circuit.
By using equation 2.9 (total quality factor), thenkdwidth can thus be defined as

e laEERIE] e

Where | = tand is the loss tangent of the substrate. The widibf the patch element is

usually larger than the lengthin order to increase the bandwidth. From the iahip
above, one can see that the bandwidth is invepelyortional to permittivity and directly
proportional to the thicknesh)(of the substrate.
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2.2.4 Radiation Efficiency

The radiation efficiency is the ratio of power r@éid into space to the total input power

and is given by

e = = i (2.25)
I:)tot Pr +(Pc + I:)d + Psw)

whereP; is the radiated poweP, is the total input poweR. is the power dissipated by

conductorsPq is the power dissipated by dielectric alRg, is the power launched into
surface wave. The radiation efficiency is lessthi@0% due to the conductor, dielectric
and surface-wave power losses. The radiation effay can also be written down as

hed

= & (2.26)

N NEYEY BEIEEY)

The above expression is obtained from the Somneedelution for anx directed unit

strength infinitesimal dipole located at the toptlsé substrate as described in [38, 40],

where

hed

p 1
hed _ sp _
& T hed hed hed (2'27)
psp + Psw 1+ Psw
hed
psp

where p*? is the power radiated into space apfff’ is the power launched into the surface

wave. This term is the radiation efficiency of aikhontal electric dipole (hed) on top of the
substrate. This efficiency is approximated by tlwdéta unit-amplitude infinitesimal

horizontal electric dipole (hed) on the substrdteean be shown that

ed 1
phed = = (koh)? (80722, (2.28)
0
1 1\
and pled = —z(koh)3[60n301(1——J ] (2.29)
/10 gr
Hence we have,
ehed = L (2.30)



The constants are defined as

(2.31)

a 3 1 1
and p=1+ 1—3 (kow)? + (a§ +2a, {%j(kow)ll +Cp (gj(ko L)? +a,c, (%J(kow)z (koL)?

(2.32)
wherea, =-0.16605
c, =-0.0914153
a, =0.00761
2.2.5 Directivity and Gain
The directivity of the patch antenna elementsvegiby [37]
3 & 2
D=|— | ——|ft k;h 2.33
( pclL +tan2(k1h)}( o) (2:33)
where
tanc(kh) = tanh) /(k,h) (2.34)
The antenna gain is defined as
G=¢D (2.35)

To illustrate the effect of substrate propertiesaatenna performance, four antenna devices
are designed. The performance parameters arelaaidwsing the expressions presented
in the previous section. The results and the dgsegameters are summarised in Table 2.1.
For a low permittivity substrate such as &y, = 1, tand = 0 and a good conductor like
copper with o= 5.8 x 10S/m, the length of patch element of L = 9.5mm, it
=11.5mm, (W/L=1.21) and substrate thickness of inSithe antenna bandwidth is 8.59%,
the directivity is about 9.8 dBi and the antenne ggabout 9.75 dBi with an efficiency of
99.8%. For a high permittivity substrate such agéts RO3010', £ = 10.2, with the
length of patch element (L) = 2.5mm, width (W) =%éhm (W/L=1.21), the antenna
bandwidth is 1.53%, the directivity is about 7.98i,dhe antenna gain of 4.7 dBi with the
antenna efficiency of 61.9%. Thus, increasing ghemittivity of the substrate decreases

the antenna efficiency considerably for the pataterana device and hence the gain of the

17



antenna device. It also decreases the bandwidtheofntenna device. Micromachined
aperture coupled patch antenna devices are présentbis thesis that are separated from
the ground plane with a thickness (height) of u@ tmm. For air, with substrate thickness
of 3 mm, & = 1, with the length of patch element of 9.5mndtwiof 11.5mm (W/L=1.21),

the antenna bandwidth is 15.15%, the directivityalimut 9.31 dBi, the antenna gain is
about 9.25 dBi with the antenna efficiency of 99.8%

Table 2.1 Antenna parameters for a conventionatipaintenna device

£ =1, £ =1, £,=10.2, £ =1,
h=1.5mm h =3mm h=1.5mm,| h=1.5mm
(W/L =1.21) (W/L=1.21) | (W/L=1.21) | (W/L=1.5)
Resonant 13.08 11.25 13.1 12.981
frequency (GHz)
Bandwidth (%) 8.59 15.15 1.53 9.88
Directivity (dBi) 9.8 9.31 7.59 10.3
Radiation 99.8 99.81 61.9 99.9
efficiency (%)
Gain (dBi) 9.75 9.25 4.7 10.28

Thus increasing the thickness of the substrateasas the bandwidth of the antenna device
while no significant effect on the directivity dfe patch antenna device. For air, with=

1 and with the length of patch element of L = 9.5mwidth of W =14.25mm (W/L=1.5)
and substrate thickness of 1.5 mm, the antennanadtidis 9.88%, the directivity is about
10.3 dBi, the antenna gain is about 10.25 dBi whth antenna efficiency of 99.9%. By
increasing the W/L ratio the bandwidth of the angemlevice, the bandwidth and gain
increases minimally. The patch dimensions of L.5n8n, W =11.5mm (W/L=1.21) are
chosen so that the antenna parameters can be @mpdh the micromachined aperture

coupled patch antenna devices.
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2.3 APPLICATIONSOF PATCH ANTENNA DEVICES

The applications of the microstrip antennas arearoms as they are light in weight and
can be designed to operate over a large range@iiéncies. These antenna devices can be
integrated easily to form linear or planar arrayd ean be used to generate linear, dual, and
circular polarizations of electro-magnetic radiatio These antennas are inexpensive to
fabricate using printed circuit board etching methdhey are used in applications such as
cellular and satellite communications, radars aRSGeceivers. However, the narrow
bandwidth (1-5%) of microstrip antennas restrickeirt application to single and
narrowband frequencies [1]. An antenna is onéneflargest components in the radar and
millimetre wave systems, therefore reducing antesina is increasingly important in order
to make compact radar systems. Higher operatiequéncies can be a solution for
miniaturised light weight antenna systems. Onaditer hand, patch antennas have been a
natural choice for integrated antennas becausedheyow profile, simple and low cost.
Integrated antennas require good understandingewdral different areas of microwave

engineering (i.e. devices, antennas, circuits amponent functions etc).

Table 2.2 Applications of patch antenna devices

Plat form Systems

Aircraft Radar, communications, navigation, altieret aircraft

landing systems

Missiles Radar, fusing, telemetry

Satellites Communications, direct broadcast TV [4&inote sensin

(L)

radars and radiometers [42]

Ships Communications, radar, navigation
Land vehicles Mobile satellite telephone, mobildiog42]
Other Bio-medical systems [43, 44], intruder alarf#b],

cognitive Local Multipoint Distribution Service (LDIS),
FWA (Fixed wireless access) [46], Wireless Persémah
Network (WPAN) [47], Millimetre wave and terahertz
sensors [48], on chip communications [49] etc.
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Antenna design considerations with these circudtnponents and device combination
effects are also important. Device biasing cicudisturb antenna radiation properties
while the antenna configuration may degrade thepamant function characteristics. A

complete RF design, simulation and integration epagh is required that includes passive
devices (antennas and filters etc) and active k&d®FIC’s, microcontrollers etc) for an

integrated antenna system [49]. Some of the agpdics of microstrip antennas are
summarised in Table 2.2.

24 SUBSTRATESFOR PATCH ANTENNA DEVICES

A substrate is a low loss rigid material that suppohe radiating patch and the ground
plane for a conventional patch antenna device. fidid dielectric substrate makes the
microstrip patch antennas to be distinctive to othen-conformal antenna devices like
horn antennas and reflector antennas etc. Thé&yalh mass produced printed antenna is

directly related to the substrate and connectoenads.

24.1 Conventional substratesfor microwave antenna applications

Substrate technologies and materials have beeeviel@pment over the years. Plastic and
alumina substrates have been extensively useipaht while the use of low loss and low
permittivity substrates are more common in recesary [1, 17, 18]. Lower permittivity
substrates reduce surface wave propagation effetts is difficult to reduce the radiation
from the feeding elements. Many substrate mateded available in today’s market with
dielectric constants in the range of 1.17-25 aad dfi loss tangents in the range of 0.0001-
0.004. In general, the radiation efficiency of wentional microstrip patch antennas
decreases with increase in substrate thickneseraritpivity as a result of the losses due to
surface wave propagation [37, 50-52]. The resossufior example TV cease to exist
once the dielectric substrate thickness reachel.@ad as a result the antenna radiation
ceases to propagate [51, 53]. The various substiaterials that have been developed over
the years are presented in Table 2.3. Apart fioendielectric constant and loss tangent,
the other parameters that are critical for the sates are dimensional stability and
operating temperature range. The dimensional I#yabis critical for the
sensitivity/reliability of the antenna device inrtes of the frequency of operation since any
change in dimensions is directly transformed intthhange in frequency of operation for the
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Table 2.3 Overview of microwave substrates (repdrftom [7] and measured at X band
frequencies)

Substrate &r tano Dimensional Temperature
(X band) (X band) Stability range in tC)
PTFE unreinforced 2.10 0.0004 poor -21 to +260
PTFE glass woven web 2.17 0.0009 excellent  -27 to +260
2.33 0.0015
2.45 0.0018 very good -27 to +260
2.55 0.0022
PTFE glass random fiber 2.17 0.0009 fair -21 to +260
2.35 0.0015
PTFE quartz reinforced 2.47 0.0006 excellent -24260
Cross linked poly 2.65 good -21 to +260
styrene/woven quartz 0.0005
Cross linked poly styrene/ from
ceramic powder-filled 3to 15 0.00005 fair -27 to +110
to 0.0015
Cross linked poly styrene/ glass 2.62 0.001 good -21to +110
reinforced
Irradiated polyolefin 2.32 0.0005 poor 27 to +100
Irradiated  polyolefin/ glass 2.42 0.001 fair -27 to +100
reinforced
Polyphenylene oxide (PPO) 2.55 0.00016 poor -27 to +193
Silicone resin ceramic 3to 25 from fair to -27 to +268
0.0005 medium
Powder-filled Sapphire 9.0 0.0001 excellent -24331
Alumina ceramic 9.7to 10.3 0.0004 excellent to 1600
Glass bonded mica 7.5 0.0020 excellent -27 to +593
Hexcell (laminate) 1.17to - excellent  -27 to +260.
l40atl.4
GHz
Air  with/rexolite  standoffs  3.78 0.001 excellent -
Fused quartz
FR4 4.2 at 8.4 0.020[122]
GHz [54]
LTCC- DuPont 943 7.3 at40 0.0004 [56]
material
GHz [55]
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antenna device. The temperature range of operdétermines the applications in which a
particular substrate can be used. Comparative afat@ost substrates (2.1¢g< 25) are
given in Table 2.3. One of the commonly used sabstfor microwave applications is
based on polytetrafluoroethylene (PTFE) with eitilass woven web or glass random fibre
because of (a) its desirable mechanical and atatfproperties and (b) availability of the
substrate in a wide range of sheet size and theskneGlass fibers are available in
thicknesses ranging from 0.508 mm to 3.175 mm. Duie discontinuous nature of the
fibre and relatively soft and deformable polymertna this material can be coated on
complex surfaces such as PTFE whereas heating dkerial accelerates the stress relief.
Apart from sheets, this material is also availaloleshapes such as rods or cylinders.
Alumina based ceramics (9.7ex<< 10.3) are often used for applications requiringhh
dielectric constants. Typical commercially avakalsubstrates are K-6098 teflon/glass
cloth (& ~ 2.5), RT/duroid-5880 PTFE; ~ 2.2), and Epsilam-10 ceramic-filled teflgs ~
10).

2.4.2 Polymer and ceramic composites for microwave applications

Polymers are gaining more importance, either iregdarm or along with ceramic powders
as substrates for RF and optoelectronic devices.ekample, polymers have been used in
the field of optoelectronics to produce mechanycidixible “electronic paper” [57, 58] and
for high-efficiency light-emitting diodes [59]. duid crystal polymers (LCPs) have
displayed attractive properties like low loss, laater absorption and low cost and have
been proposed for system-on-package (SoP) appisatic0]. The polymer ceramic
composites were proposed as substrate materiadsscanning antenna by Yashchyskyn

al [61]. Huntet al[62] have proposed the inclusion of metallic ddpawithin the substrate

with no limitation on substrate thickness.

The most widely used silicone-based organic polyrmdPDMS which is known for its
unusual rheological/flow properties: It is non-flan@ble, water- and chemical resistant and
stable at high temperature. It can be used asbstrate for patch antenna devices at
microwave frequencies. BT-, BBNT-, and MCT-typewmgers posses a wide range of
available dielectric constants among the varioumdsh of commercial ceramic powders
available namely LTCC and high-temperature co-fimtamics (HTCC). Due to its

ferroelectric properties, BT had shown to be widetgployed in capacitor technology by
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Popielarzet al [63]. It is usually mixed with polymers [64, 6&hd depending upon its
chemical form, grain size, environmental tempemtand the added dopants, it
demonstrates a wide range of attainable dielepeinittivity (from a few tens to a few
thousands) values. BBNT is categorized under thé@ group of ceramic powders and
exhibits a dielectric permittivity of up to 100 [p&hereas the MCT powder is an HTCC

which is commercially available in different dieliec constants ranging from 20 to 140.

ST PDMS is mixed | © Mixtureis |
o and stirred well | | degassed in
3 with cross- | vacuum
linking agent | | envionment |
T '{:_"i'F'"_:ﬁa
( Midure is fuly | .EIH';HII: cwder
degassed in iz added and the
{a) new mictura 15
'lul'.EE.IJIJITI Ehﬁ'ﬂd
= A environment 5 thoroughly
: L )
| Mixture is left fo

: dry In ambiem
| enviranment for
Ei | about 24h

i {ch

Figure 2.5Fabrication procedure for the proposethstmate.(a) PDMS is prepared by
mixing silicone gel (b) procedure for ceramic adgland (c) schematic representation of the
procedure [57]

Patch antenna devices were fabricated by printingaopowder based substrate by
Koulouridis et al [57]. Figure 2.5 shows the fabrication proceduoe the proposed
substrate. The rectangular patch elements weméedron a substrate with 20% BT volume
and 10% MCT volume mixtures in PDMS. A 50 coaxiable was used to feed the patches
and Ansoft HFSS tool was used to carry out the itimns for comparison. As shown in
Figure 2.6, the previously found dielectric constaare verified as the measured and
simulated reflection coefficients for the three p&n are in agreement. Figure 2.6 (a)
shows the antenna gain measurements along withdbeesponding simulated results for
the three substrates. As expected, at bore sighgher BT/PDMS loss tangent results in a
rather low gain of 0.5 dBi. In contrast, the gamecovered and is near 5 dBi when the
substrate is pure PDMS. Moreover high gain valoksbout 5dBi are achieved by
MCT/PDMS substrates. A drawback of this method the low efficiency of the print
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metal associated with the metal patterning on tB&8 substrate in the microwave and

millimetre wave frequency regimes [67].

10 1]

I'u'IC'.T.n'I:DMS

= ’ |
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15 =15 |
PDMS
20 ra _ |
BTIFDMS -20
-25 / { 4 T |— Measured —Tieasure
ap | e Simulated . weeees Simulated
1 1.8 2 2.5 3 3.5 1.0 15 2.0 25 a0 35
GHz GHz

(a) (b)

Figure 2.6 (a) Gain and (b) reflection coefficidat a 24 mm x 24 mm patch antenna
placed on a BT/PDMS substrate (20% volume ratidfil@Gr/PDMS substrate (10% volume
ratio) and a pure PDMS substrate [57]

24.3 Liquid crystal polymer based antenna devices for SOP applications

Organic materials such as Duroid [68, 69] and HR®} have been explored in the past for
SOP (System on a package) applications. Theserialatare inexpensive and have low
loss up to 10 GHz. Liquid crystal polymer (LCP) as unique material for SOP
applications. It is a low-cost, flexible materigith low dielectric loss to well over 100
GHz [71]. It can be fabricated in large panelsoarlong rolls. Moreover, reliable RF
MEMS circuits can be fabricated directly on the enatl. A 14 GHz phased array antenna
for use in a NASA earth observing satellite systeackaged using system-on-package

technology and LCP has been demonstrated for $tetifne by Kingsleyet al [68].

The fully-integrated array consists of a MMIC LNA,MEMS phase shifter, a RF power

distribution network, biasing circuits, and an am array [68]. The antenna geometry
was designed using equations based on the desigheotonventional patch antenna

devices. The dielectric constant for the 100 pickthCP material used in the package is
2.95. The simulated directivity for the single gFatantenna device on this package was
6.94 dB and it was 12.49 dB for the 2x2 antennayarr
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Figure 2.7 Multilayer implementations of the antararrays in LCP[68]
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Figure 2.8 Layout of single-layer antenna arrayeT2x2 patch antenna array, MEMS
phase shifters, bias lines, and LNA pads are sH6@&h

25 MICROMACHINED PATCH ANTENNAS

Microwave and millimetre wave design solutions witirge density layouts require
integration of individual devices, circuitry, anddiating elements that offer light weight,
small size, and optimum performance. Compact itiesigns are typically achieved in
high-index materials, which is in direct contrastthe low-index substrates imposed by
antenna performance requirements [4]. Although oae directly fabricate microstrip,
coplanar circuits and antennas on high resistidtjcon and MMIC (Monolithic
microwave integrated circuits) substrates, the 8$sds is high. A system of high-low

dielectric constant layers have been proposed enptist to increase the efficiency and
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bandwidth of the patch antenna elements [6]. Aatad) patch antenna occupies a major
portion of the surface area for a modern commuiticadevice or a sensor device. The
high dielectric constant of these substrates, |¢éadse possibility of excitation of surface
waves and degrading the radiation efficiency ofghtch antenna devices. These problems
can be overcome by introducing a small air gap betwthe microstrip line, radiating patch
element and the ground plane. The air gap can dslyecreated using a bulk
micromachining technique [72]. In addition, micrachining is also a viable method for

fabricating resonators, waveguides, filters etmiditmetre wave frequencies [73-75].

Patch antenna based systems have major operatidalvantages at microwave and
millimetre wave regions of the electromagnetic spso such as narrow bandwidth and
low gain due to their inherent low efficiency. Cpact size and high performance can be
achieved at these frequencies by integrating ahpatdéenna on a low dielectric constant
material substrate with the remaining circuitry thie high dielectric constant substrates
within the same package. As the micromachiningprietogy is being developed, it has
been applied to antenna elements to improve thealbsystem performance. The use of
selective lateral etching based on micromachinguniques to enhance the performance
of rectangular microstrip patch antennas printettigh-index silicon, GaAs, and InP based
substrate wafers have been developed in the paatlde Other techniques such as ultra
thick photoresist micromachining and spin-on lovelectric constant photoresists have
been proposed for millimetre wave antennas. Allhefse approaches have achieved high
gain and efficiency performances compared to timyeotional printed patch antennas on a
high dielectric constant substrate. The variousromachining methods for patch antenna

devices from the available literature can be catsgd as follows:

. Silicon micromachining

. Polymer micromachining

. Millimetre wave antennas using low K Spin-on di¢lecsubstrates
. Integrated chip-size antennas using Laser micromanch

. LTCC Micromachining

These micromachined methods are outlined in thteofebie chapter. This PhD thesis was

aimed at developing low cost micromachining proesdsr producing air suspended patch
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antenna devices. The chapter emphasizes improvemtre antenna bandwidth, gain and
efficiency performance for the antenna devices i¢abed using these methods. An
overview of the available micromachining methodd &thniques will enable to compare

these methods with the performances achieved byitr®machining method developed.

2.5.1 Silicon micromachining

In order to integrate patch antennas into the ttigesigns on high index substrates without
substantial loss of the advantages, the radiatelgents should be housed in the low-index
regions of the substrates that possess low indegfigfction. This is achieved by utilising
micromachining of a portion of the substrate materiThe silicon material was removed
laterally underneath the patch antenna to produczvily that consists of a mixture of air
and substrate with equal or unequal thicknessebd®s implemented in [4, 76-78]. In the
following section, the silicon micromachined dewcare described based on the patch

antenna feeding techniques.

2.5.1.1 Microstrip edge feed
One particular silicon micromachined antenna degsg@resented by Thompsehal [4]

consists of a rectangular patch centred over affili@d cavity, with the patch elements
sized according to the effective index of the gavégion and is fed by a microstrip line.
Figure 2.9 shows the test fixture and geometryhefrnicromachined patch antenna with
mixed air-substrate region that is laterally etchda produce the mixed substrate region
(air cavity), silicon micromachining was used tdelally remove the material from
underneath the specified cavity region resultingnio separate dielectric regions of air and
silicon. The amount of silicon removed varies fr&f to 80% of the original substrate
thickness underneath the patch. The walls of thiew cavity were in general slanted due
to the anisotropic nature of the chemical etchiAgraditional modelling technique such as
a cavity model can estimate the reduced dielectdex value. The resultant antenna has
shown superior performance over conventional dssiyhere the bandwidth and the

efficiency have increased by as much as 64% andr28pectively.
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substrate

(@) (b)

Figure 2.9(a) Test fixture of the silicon micromad antenna device (b) Geometry of the
micromachined patch antenna with mixed air-substrafyion that is laterally etched [4].

25.1.2 CPW feed
A CPW feeding technique in principle eliminates theed for thicker substrates at

microwave and millimetre wave frequencies. Thisdfeg technique also simplifies the
photoresist based micromachining processes. Abrelet alhave presented a 26.6 GHz
patch antenna using MEMS technology [79]. A patcbuspended over a thin dielectric
layer (membrane), which is deposited on a highrsiécon substrate. In addition, the
silicon substrate is fully etched under the patrkating an air cavity region of very low
dielectric constants{ = 1).

Patch Membrane
antenna 1.4 1m .l
> & 05 mm ‘T"
HES ‘4.8 mm
Substrate d
-—
, 4mm
£ 5 i 17 mm
iEfum_I 5“." s 10 mm :
! 10.74 mm )
17 mm
(@) (b)

Figure 2.10 (a) Patch antenna suspended over mamebib) Photograph of the fabricated
patch antenna [79]
The antenna is directly fed using a microstrip hvieile a CPW-microstrip transition was
used for probe measurements of the antenna reiteaoefficient. The design was
performed using the 3D electromagnetic simulatoS8BF The measured antenna reflection
coefficient was -17dB at 26.6 GHz, and the bandwmbs 4.5%. The antenna had a
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radiation efficiency of 61.7% and directivity of97dBi. The measured antenna cross-

polarization level was less than -20 dB in bothEhend H-planes [79].
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Figure 2.11 (a) Insertion loss and reflection ca@éint for a silicon micromachined antenna
device (b) CPW-microstrip transition [79]

2.5.1.3 Aperture coupled feed

Silicon micromachining has also been employed fper@re coupled patch antenna
configuration at millimetre wave frequencies. Aipegure-coupled micromachined
microstrip antenna at an operation frequency oG8# was studied by Gauthiet al [80].
The design consists of two stacked silicon suletrafThe top substrate which carries the
microstrip antenna was micromachined to improve thdiation performance of the
antenna whereas the bottom substrate was usedaassea for the microstrip feed line and
the coupling slot. The cross-section view alonthwine dimensions of the silicon wafers

are shown in Figure 2.12.

For an antenna built on a 106 thick silicon wafer, reflection coefficient waseasured to
be about -35 dB at 92.5 GHz with a -10 dB bandwafth%. A reflection coefficient of <
-18 dB at 94 GHz with a -10 dB bandwidth of 10% revebtained for the micromachined

microstrip antenna respectively.
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Figure 2.12 (a) Top view and (b) cross sectionawof the aperture-coupled
micromachined microstrip antenna with all dimensi@m microns [80]

A 2.5% frequency shift was observed between thesared and simulated response, which

could be attributed to minute variations in thaceih wafer thickness and the general

inaccuracies of numerical packages in high-Q atrestat millimetre-wave frequencies. A

maximum efficiency of 58.5% was measured and tlatian patterns show a measured

front to back ratio of -10 dB at 94 GHz.

Due te tintegration of small 50 um silicon

beams between the antennas, the measured mutydihgsuvere below -20 dB in both E

and H plane directions.
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Figure 2.13 Measured and simulated input impedarfdbe microstrip antenna on a full

100 pm thick silicon substrate [80]
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2.5.2 Polymer micromachining

A photoresist based micromachining method can h@l@rad to fabricate an air suspended
patch antenna by either using metallic supportiogtg or polymer posts. Antenna
structures at different frequency bands requiréeiht air cavity thicknesses to achieve
optimum antenna performance and better impedantehing. Photoresist based polymers
such as SU8 and THB151N can be used to obtainthittk supporting posts and can also
be used as moulds for fabricating ultra-thick etguated metal posts. One such polymer
micromachining method has been reported by RyetlJial [81]. Other polymer

micromachined processes are described below.

2.5.2.1 CPW fed THB151N based post supported @atiEnna

A CPW-fed post supported patch antenna array aBid@ that is fully compatible with
commercial CMOS process has been fabricated by ¢i8uk Leeet al [82]. The antenna

device is supported in air and thus shows broadbharhcteristics.
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£ :
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Figure 2.14 Proposed CPW-fed post-supported MEM8nrara devices for (a) Single post

structure. (b) Additional supporting posts struetu (c) Half size structure with shorting
wall [82]
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In addition, a 2x1 patch array antenna withdud impedance transformer (&4
transmission line) was designed with a simple fegdietwork. The structure of the
proposed antenna is shown in Figure 2.14. Thenaatdevice consists of a CPW feed line,
a feeding post, two supporting posts and a radjgiatch. Better performance is observed
by the CPW feed line than the microstrip line atlimetre wave frequency. Due to the
placement of ground planes in the vicinity of tignal line, the electromagnetic field can
be guided more efficiently. While maintaining tlsame characteristic impedance,
adjustments can be made to the width of the CPWaskitine and the gap between the
signal line and the ground. The CPW feed linengttee substrate with a high dielectric
constant, whereas the radiating patch is suspeindsd Therefore the radiating patch and
the feed line can be optimised separately. Thehpist supported with two metal posts
which are located at the virtual ground of the patte centre of E-plane); the electrical
performance of the antennas is not affected byattdtional supporting posts. A simple

feed line network design can be used, when itssgded as a patch antenna array.
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=35 —a— Measurement
40 . L . L . L .
50 55 60 65 70

Frequency (GHz)
(b)

Figure 2.15 (a) Fabricated 2x1 patch antenna arrfly) Measured input reflection
coefficient of 2x1 patch antenna array [82]

The antenna device was fabricated on the glasdratéosf Corning 7740 with a thickness
of 800 um and a dielectric constant of 4.6. Coppas used for metallisation. The feed
line of the antenna was fabricated using a thikk fihotoresist (AZ9260) and in order to
form the posts of the antenna using THB151N phetstea two-step coating process was
performed. The simulated antenna gain and radiagfticiency were obtained from 5.6
dBi to 9.0 dBi and from 92.8% to 97.4% for singktqh antennas, respectively. In the case
of a 2 x 1 patch antenna array, the simulated aatgain and the radiation efficiency were
from 5.8 dBi to 11.2 dBi and from 93.6% to 95.3%pectively. The suspension of the
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patch in air increases the bandwidth as the etfectielectric constant of the space between
the patch and the ground plane decreases thusadewethe Q factor of the device and
thereby increasing the bandwidth. The relatiorstbptween the Q factor, the relative
permittivity, the bandwidth and efficiency for arse@ntional rectangular patch antenna
device are outlined in Section 2.2.

2.5.2.2 Negative photoresist based microstrip f&dhp antenna

A combination of substrate micromachining and SW8tpresist based micromachining
has been proposed by Panal [83]. In order to elevate the feeding lines amel antennas,
multiple wells with stepped depths are fabricatdd the wafer. A positive photoresist NR
9000 has also been used. To maximize the radjatienmicrostrip fed patch antenna is
required to be air-lifted by several hundred mistotHowever, a 5@ microstrip line will
be several millimetres wide when it is being eledainto air by the same height. This
width is comparable with the size of the patch anéein Ka-band, thus the parasitic

radiation generated from the feeding microstripncditoe ignored.

To reduce the radiation, microstrip feeding linesrevput into the shallow wells while the
patch antennas used deeper wells to enhance oediati order to obtain optimal
performances. Since the feeding network and thenaa array were at the same level of
height, only polymer posts were needed for thiggrdtion scheme. This in turn has
reduced the fabrication complexity significantlyhe fabrication steps are shown in Figure
2.16. Full wave simulation predicts a -10 dB baiutlv of 7%. A nearly constant
broadside radiation pattern has been demonstnattda directivity 10.4 dBi at the centre
frequency and low side/back lobes (< -20 dB).
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Figure 2.16 Fabrication steps of the multi-deptHlweegration scheme [83]
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2.5.2.3 Ultra thick SU8 based post supported ardgenn

Panet al have presented for the first time an air-liftedchaantenna by means of surface
micromachining technology [84]. SUS8, a relativelgw negative tone photoresist, was
used to fabricate an elevated patch antenna withomiachined posts of around 800 pm in
height. In order to provide mechanical supporvad as electrical feeding (metal posts),

both of the metal and polymer posts were used.

Figure 2.17 Photo of fabricated elevated patch ante along with its mirror image on the
ground [84]

The fabricated prototype is shown in Figure 2.577% -10 dB bandwidth, centered at 25
GHz was observed. In terms of bandwidth, efficieaad lower side lobe, the proposed
structure is superior to the conventional patch. cdse of the traditional patch antenna
directly printed on substrate, it usually provide8 - 5% bandwidth and about 70%-80%
radiation efficiency, whereas in case of the prepo®levated patch, the fractional

bandwidth is doubled and as a result of eliminatimg substrate loss, gives a theoretical
97% radiation efficiency [84, 85].

2.5.2.4 SU8 based MEMS monopole antenna

A W-band micromachined monopole vertically mounted a variety of substrates, was
also reported by Paet al [86]. A 2-D to 3-D conversion based feeding schemas also
proposed and optimised. A chromium coated sode-tilass (Telic Co.) was used as the
substrate. The chromium film was patterned forrtteopole column definition using a
standard photolithography. A SUS8 epoxy film (8@@®) was coated on the substrate to

define the monopole height. Deposition of titanianmd copper using a DC sputterer was
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performed to produce a conformal seed layer. A (Bium) SU8 film was spin-coated on
the substrate and patterned to define the signéd ps well as ground pads using a
proximity photolithography due to the uneven suefacA gold layer of up to 2m of
thickness was electrodeposited through the bottauldnas well as column surface. The
thin SU8 film, the seed layer and the bottom chromlayer were removed sequentially to
complete the fabrication process. Both the sinmdatand measurement results
demonstrate the broadband nature of this kind tdrema structure. Reflection coefficient
of -16 dB and -50 dB were measured for two monapoésonating at 85 GHz and 77.5
GHz respectively. . The difference in the simulatand the measurement results in Figure
2.18 (c) is attributed to fabrication tolerancetlive monopole height. Upper-band loss
shown is caused by fabrication variance, or morecifpally due to the defective
conductive path (metal thickness, also electricalnection between monopole and CPW

center line) on that sample [86].
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Figure 2.18 (a) A photomicrograph of 3x3 monopoteag (b) An SEM image of a single
monopole antenna. (c) Measured and simulatedp®ts for monopole antenna for a height
of 880um [86]

2.5.2.5 SUS8 based horn antenna devices

A V-band SU8 micromachined horn antenna device e reported by Bo Paat. al
[87]. Murad et. alhave presented a SU8 based micromachined hormrentievice that is

fed by a V band waveguide [88].

2.5.2.6 Polymer based reconfigurable antenna dsvice

The polymer based fabrication technology has bdsm extended to the patch antenna
arrays and reconfigurable antennas. A surfaceomachined, fully integrated planar 4x4
phased array antenna operating at 36 GHz has lmeandgtrated by Lukiet al [89, 90].

The array element is a cavity backed patch fed byeadangular coaxial probe and
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supported by two metallic posts. The array elenermn all copper, recta-coax fed, air-
cavity backed patch and is built using a sequentiaro-fabrication technique, the
PolyStrata" process. The complete structure was built fromlégers having an overall
height of about 760 pum above the silicon. The idapee bandwidth of the individual
elements is about 5.1% at around 36 GHz. The atedliresults with a finite element
method (FEM) based software Ansoft HE8Sand a finite integration technique (FIT)
based software CST Microwave Stutfloshow that the element radiation patterns are
symmetric in both E- and H- planes, each havingieficy above 95% and a gain of 6.8
dBi with ultra-low cross-polarization levels. Theher efficiency is attributed to the air
cavity backed patch configuration.

A novel air suspended integrated antenna with faqu reconfigurability for compact
integration with active devices has been presemye@dhoet al[91]. The floating patch on
an HRS (high resistive substrate) substrate givadeband and high efficiency
characteristics for antennas. An HRS wafer with 11.2 and g= 300um is used to build

up the MEMS antennas. The parameterst, @nd | as shown in Figure 2.19 are set to be
300 um, 10 um, and 0.29 mm respectively. The MEMS antenna demsgned for the
BWA (Broadband Wireless Access) of IEEE 802.1622GHz initially.
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Figure 2.19 (a) Top view of original MEMS antenba $ide view of MEMS antenna [91]

The design shown in Figure 2.19 (a) is modifiednbgving a metallic post close to the
radiating edge of the patch as shown in Figure Z&)0in order to achieve frequency
agility. Here, h denotes the gap between the metallic posts ardkmotes the spacing

between the metallic posts and the non radiatigg @d the patch as shown in Figure 2.20
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(a). To verify the designs, the floating-patch M&Mntenna devices are fabricated using
the surface micromachining and the thick phototgqisiB-15INT) lithography process.
The bandwidth is almost 6 GHz (40 to 46 GHz). TeEasured antenna gain and the 3 dB
beam width are 12 dBi and 3at 42 GHz, respectively while the simulated anéegain is
13.2 dBi. The increase in strip length, fesults in a decrease in the resonant frequency.
This is due to the increase in capacitive loading diation edge. The frequency shifting
characteristics have been proposed and can bermapted for a reconfigurable antenna
with the RF MEMS switch.

o -D : *—;_JI
Patch J

(@) (b)

Figure 2.20 (a) Top view of frequency agile MEM$&ana (b) A fabricated geometry of
MEMS antenna [91]

2.5.3 Millimetrewave antennas using low K Spin-on dielectric substrates

Low K spin-on dielectric substrates are efficieot §uiding EM fields at microwave and
millimetre wave frequencies [92] and have been usefhbricate microwave filters to

reduce insertion loss on silicon substrates [93].

These antenna devices that use low-k dielectricsteates have a wider impedance
bandwidth and a higher gain than those using cerdialectric substrates. K.F. Torgal
have presented the simulation and measurementsdeulthe millimetre-wave coplanar
patch antennas (CPA) using spin-on low-k dielectubstrate [94]. The geometry of a
typical CPA is shown in Figure 2.21. The anteneegick consists of a gold ground plane at
the bottom, two layers of BCB dielectric materigl£ 2.7 tand = 0.002 at 20GHz) in the
middle and a CPA pattern on the top. The totatkimess of the BCB layers is 30n.
BCB is spun onto a silicon wafer with a 3-inch grdwplane. The deposition technique is

similar to the commonly used photoresist coatiripmegue and the metal CPA pattern was
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deposited onto the BCB dielectric layer. The thess of the ground plane and the CPA
pattern are both about 1un.
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Figure 2.21 (a) Geometry of millimetre wave CPMgdow-k dielectric substrate (b)
Reflection coefficient of mm wave CPA with the-lkoavelectric substrate [94]. The red and
blue curves show the measured and simulated reshits the green curve shows the

comparison (simulated results) with a ceramic su#tet, = 9.8)
The simulated and measured impedance bandwidthebare 1.2% and 2.6% respectively.
The measured resonant frequency of the antenn®.8 GHz. The difference in the

measured and simulated results can be attributdgbttabrication errors of the BCB layers.

2.5.4 Synthesised low dielectric-constant substrates

A synthesised low dielectric constant substratehotthas been presented by Gautlketer
al. Closely spaced holes were micromachined und#rreanicrostrip antenna on a high
dielectric-constant substrate so as to obtain éhegised, localised low dielectric-constant
environment § = 2. 3) [95]. The holes were drilled using a nucaly controlled
machine (NCM) underneath the microstrip antennathedhole pattern was extended at

least 3.5 mm beyond the edge of the antenna diralttions.
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Figure 2.22 Fabricated microstrip antenna on a Ibpad low dielectric substrate [95]

The substrate was Duroid 6010 material with a tmésls of 1.25 mm. The measured
radiation efficiency of a microstrip antenna on @nemachined Duroid 6010 substrate (
=10.8) increased from 48.3% to 73.3% over the 1@ 83.0 GHz of frequency region.

2.5.5 Laser micromachining

2.5.5.1 Patch antenna devices on micromachinedsgabstrates

Integrated antennas fabricated by laser micromauitechniques on glass substrates are
compact due to the reduced size and owing to tla¢iviely higher dielectric constant. P.
M. Mendeset al and others have reported on-chip integrated, osfert-patch antenna as
shown in Figure 2.23 [96]. The antenna device ists®f three horizontal metal sheets
that are electrically connected by two vertical ah@talls. Since it is embedded in a glass
substrate having certain electrical permittivitydatielectric losses, the antenna geometry,
design and its actual dimensions determine itsatmch characteristics and overall

performance.
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Figure 2.23 (a) HFSS model of the folded shortedtpantenna used for electrical analysis
(b) Photograph of the antenna prototype [96]
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For better performance, the metal sheets shouleé frawminimum resistivity and the
dielectric should be a low-loss material in ordeathieve high efficiency. High antenna
efficiency requires thicker substrates (>300) and therefore high aspect ratio vias in glass
are required. At frequencies above 1 GHz, glassres a very attractive option. Its main
advantages are low losses, reasonaplend availability in a form of wafers with any
required dimensions at low cost. There is als@icsefht experience in processing of glass
wafers for MEMS and WLP (wafer level packaging) laggiions. The antenna was
designed to operate at 5.1 GHz, a frequency chtusee inside the 5-6 GHz ISM band.
The fabricated antenna has dimensions of 4x4x1 anmeasured operating frequency of
5.05 GHz with a bandwidth of 200 MHz and a simudatadiation efficiency of 60%. The
simulated reflection coefficient of the FSPA (Faldshort patch antenna) for different

substrate thickness values is shown in Figure 2.24.
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Figure 2.24 Simulated reflection coefficient of F&PA (Folded short patch antenna) for
different substrate thickness values [96]

2.5.5.2 Sacrificial substrate based meander morepotenna

The idea of applying laser micromachining techn@egto fabricate a compact, high
performance and low-cost 3D monopole antenna wagosed by C. U. Huanet al [97].

The coplanar waveguide fed configuration was useth@ to its simple structure, wide
bandwidth, and the ability of multi-band operationfo reduce the size, the meander
monopole antenna was fabricated on both sidesRyfrex 7740 glass wafer, and the metal
lines were connected through via holes as showRignre 2.25. The via holes were
micromachined using an ArF excimer laser micromaidl technique. The entire antenna
was constructed with electroplated copper to lotgetotal resistance and hence to enhance

its performance. The computed and measured ingllection coefficient § of the
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fabricated MEMS monopole antenna is illustrated Figure 2.26(a). The resonant

frequency and bandwidth are 2.4 GHz and 190 MH2%J. The radiation characteristics
of this monopole antenna system at 2.45 GHz fothhee plane cuts (x-z, y-z and x-y) are

shown in Figure 2.26(b). A maximum gain of 3.4 a&is obtained for the antenna.
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Figure 2.25 (a)3D MEMS monopole antenna top viest §caled), (b) Process flow for 3D

MEMS helical meander antenna

[97]
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Figure 2.26 (a) Measured and simulated reflectioefticient for proposed antenna (b)
Measured radiation patterns for the proposed meanaenopole antenna [97]
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25.6 LTCC micromachining

LTCC multilayer technology can be used to build RRént end modules, antenna based
sensors and antenna arrays. The technology psovite necessary degree of vertical
integration for the high-density microwave circaitd a packaging solution such as SIP
(System in Package) [55, 56, 98-101]. LTCC is bas® a ceramic substrate system with
printed gold, copper and silver conductors or alayith platinum or palladium onto
ceramic layers stacked and fired to obtain a pazkathe metallisation pastes are screen
printed layer by layer on the un-fired or “greeréramic foil, followed by stacking and
lamination under pressure. The multilayer cerastack then is fired (sintered) in the final
manufacturing step. The temperature of sintermdgelow 900°C. This relative low
temperature enables the co-firing of gold and sibanductors.
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Figure 2.27 Exploded view of the 11 layer antenmacsure in LTCC technology [55]

It is essential to have a low loss material witlto@anicrowave performance for LTCC
multilayer packages. Low permittivity ceramic layeare certainly an advantage for
microwave antennas [91]. Figure 2.27 shows a cetamrchitecture of such an antenna
element. The structure consists of eleven layéBERRO A6 LTCC substrates. The
system consists of four different functional blockamely, (a) the antenna block (first 6
layers from the top), (b) the hybrid ring coupldodk with 2 layers, (c) the calibration
network (2 layers) and finally (d) the RF-to-antannterface (1 layer). The high relative
permittivity of LTCC of about 7.7 is a disadvantagfethis material in antenna design. It
supports the propagation of substrate modes anpresges radiation from a travelling

wave antenna because the electromagnetic field inen@ncentrated in the substrate.
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Moreover the resulting miniaturisation due to hpggrmittivity requires an additional effort
in circuit realisation.

Figure 2.28 3-D layout of the antenna switch modunleTCC for SIP based antenna front-
end [100].

To optimise the material properties and thus tacedhe relative permittivity of LTCC, a
material modulation based on punched air holestimtosubstrate is performed. Thereby,
the relative permittivity of the material is repéat by the relative permittivity of the
modulated material [102]. Other schemes such asydaacking have been employed in
the fabrication process to obtain suspended ansettnamprove efficiency [103]. Figure
2.28 shows an antenna front end module in an LT@Cp&ckage. Figure 2.29 shows an
LTCC packaged patch antenna that is air suspenuavh integrated chips embedded in
the air cavity.

PCE board

Figure 2.29 Design architecture for the packageelentegration of an LTCC based
antenna [56]
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2.6 SUMMARY

Patch antennas have been a common choice for atéelgantennas in a communication
system. They are low profile, simple, and inexpens Various feeding methods exist for
the microstrip patch antenna devices. The buried feed and aperture coupled feed
methods can be employed for increasing the bantwidt the antenna device but usually
give rise to a high back-radiation level. Howethas is only true for aperture coupling if
the aperture is near resonance. The patch antEwiees have found various applications
at microwave and millimeter wave frequency regimé&rious substrate materials have
been developed for the microwave and millimeter evpatch antenna applications. These
substrates are engineered for low relative digeatonstant values for improving the
bandwidths, minimizing the possibility of excitaticof surface waves thus improving
radiation efficiency of the patch antenna device$he substrate materials are also
engineered for low loss tangent values for imprgvihe antenna radiation efficiencies.
Another way of obtaining the above two desirablarahteristics for the patch antenna
devices is by micromachining of the substrate neter Micromachining is particularly
important in the MMIC (for active components) basetegrated RF communication
systems. Micromachining is also a viable methadfébricating resonators, waveguides,
filters etc at millimetre wave frequencies and b@)o Although one can directly fabricate
microstrip, coplanar circuits and antennas on higgistivity silicon, MMIC (Monolithic
microwave integrated circuits) substrates, the tsateslosses will be high. These problems
can be overcome by introducing a small air gap betwthe microstrip line, radiating patch
element and the ground plane. Silicon micromaalgirtechnique where in the silicon
material is removed underneath the patch antensadereloped recently. This method is
used to produce a cavity that consists of a mixtfrair and substrate with equal or
unequal thicknesses. Owing to the complicatedasilietching techniques, photoresist
based micromachining methods were developed toicktbr suspended patch antenna
devices either by supporting metallic posts or pwy posts. Low relative dielectric
constant substrates had also been synthesizea ipast by using low dielectric constant
dielectric substrates by spin coating. Methodhhsag laser micromachining is employed
for reducing the high relative permittivity of LTC@ by a material modulation based on

punched air holes into the substrate.
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All of the micromachining techniques outlined abanreolve significant processing of the
substrates and may lack repeatability in perforrearin the work described in this thesis, a
novel fabrication technique based on photoresistetbamicromachining has been
successfully developed for fabricating suspendesitape coupled patch antenna devices.
The antenna element is usually fabricated on aragpaubstrate and integrated with the
rest of the RFIC transceiver chip. The new dewadbpechnique requires minimal
integration of RFIC chip with the antenna substratdighly efficient micromachined

aperture coupled patch antenna devices have besond&ated by this method.
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CHAPTER 3 DESIGN AND MODELLING OF
APERTURE COUPLED PATCH
ANTENNA DEVICES

3.1 INTRODUCTION

Electromagnetic analysis techniques for micromasthiaperture coupled patch antenna
devices are presented in this chapter. The ddtatledies in the design and simulation of
the micromachined antenna devices are describ&éé. RF simulated results are presented
for the different micromachined aperture coupledeana devices and compared.
Particular attention is given to the reflection ffioent (S;;), radiation pattern, gain,

directivity and efficiency for each of the micronmawed aperture coupled patch antenna
devices. The effect of the substrate materialstahaedlimensions of the SU8 polymer rims
on the performance of the basic microstrip and Cieslvaperture coupled micromachined

antenna devices are discussed.

3.2 MODELLING TECHNIQUESFOR PATCH ANTENNA DEVICES

Analytical and numerical modelling techniques fowme variety of microstrip antennas
have been developed over the years as reviewdd i) L04]. The CAD (Computer Aided
Design) models that can deal with any arbitraryngtashapes but need homogeneous
dielectric in the third axis are called 2D CAD mtsde The CAD models that can handle
any arbitrary planar shapes and can accommoddtxuie inhomogenities are called 3D
CAD models. A 2.5D CAD models exist that can accadate inhomogeneous dielectrics
but only if the layers are stacked. Certain mitipsantenna geometries are relatively
difficult to model due to the presence of dielecinhomogenities and a wide variety of
feeding techniques and other geometrical featukeggood antenna model or theory can
calculate all of the necessary electrical pararsaitthe antenna device such as impedance,
reflection coefficient (§), radiation pattern, gain, directivity etc withcergh accuracy in a
computationally efficient and user-friendly manneCertain CAD models such as FEM

based models can treat dynamic variations in thenaa geometry and can optimise a
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particular performance variable such as impedanmcgao against one or more design
parameters.

A simple microstrip element consists of few parareand the CAD models can simulate
the radiation pattern, gain or bandwidth of the rostrip antenna devices accurately.
Complex designs requires design optimisation anaesof these designs include proximity
coupled elements, stacked patches and aperturéedop@tches and elements designed for
circular polarization. The aperture coupled pantenna geometry has a large number of
design variables that involve at least two substilayers, their thicknesses, dielectric
constant variation, the patch dimensions, the keeddimensions and offset. The presence
of these design variables complicates the optimisabf an aperture coupled antenna
device. Thus, modelling of the aperture coupletermma device requires a full-wave
solution. On the other hand, the analytical analg$ microstrip antennas and arrays is
difficult due to different design parameters anffiedent complex geometries involved and
as a result many solutions and analysis methods bagn proposed but most models can

be divided into two groups: simplified (or reducedhplysis and full wave methods.

3.21 Full-waveanalysis

Full wave methods can model the patch geometry #mal dielectric substrate

simultaneously for the microstrip antenna devicesll wave analysis methods include (a)
moment method solutions that use Green’s functifomsthe dielectric substrates, (b)

solutions based on the finite difference time doam@DTD) approach and (c) the finite

element (FE) method. These full wave models agélhiaccurate and have the ability to
calculate all of the electrical parameters for amgmplex antenna geometries. The
complexity includes multilayer configurations, aisawith feed networks and different
element coupling configurations. The computatiocast for these full wave analysis
methods is generally high but high level of agresin® obtained between the experimental
and simulated results. The advent of computatipifiaster computers with ever increasing

computational power, memory and accuracy has nfaade of these models widespread.

The moment method solutions were widely implemeiefre the year 2000 [104]. The
solutions are in general specific to antenna geeset The solutions assume the substrate
to be of infinite extent and model the currentsfields on the patch elements and feed

networks with the sub-sectional basis functionfiese models are time consuming due to
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numerical integrations of Sommerfield type integrah either spectral domain or space
domain to form solutions when compared with thaioedl analysis approach. The FDTD
and FE methods are more rigorous approaches bylingdée entire antenna, including
dielectric and metal components and the surroungwigme in terms of the radiation
boundary. These methods allow a high degree afracg to be obtained when modelling
arbitrary geometries, including multilayer and onfogeneous dielectrics. The drawbacks
for these methods are the computational time iredihat is even longer than the moment
method for a comparable geometry. However, adaptiesh refinement techniques have
been developed that uses tangential vector fingments for reduced computational time

and increased accuracy for the FE methods [105].

3.2.2 Reduced analysis

Reduced analysis models generally posses one oe significant approximations to
simplify the simulation. The most widely used reed models are (a) cavity models that
use a magnetic wall boundary approximation for rddiating edge of the patch element,
(b) transmission line models that model the elenmanta transmission line equivalent
lumped circuit elements at the radiating edges,(anchultiport network models which are
the generalised cavity models. Though initiallytae above models were developed for
microstrip antennas, later they were very usefureas of practical design as well as for
providing a good understanding of the operatiothef microstrip patch antennas. These
models are generally inaccurate for thick subsirated cannot handle certain parameters
like mutual coupling, feed network effects, surfacave effects and multilayer substrate
configurations [104]. Some of the reduced analys@lels for microstrip fed aperture
coupled antenna devices were introduced by El Ya&tidl and Himidi [106-109].

3.3 THEORETICAL ANALYSISOF APERTURE COUPLED PATCH ANTENNA
DEVICES

3.3.1 Coupling mechanism

A schematic cross-sectional diagram of the apertooeipled microstrip antenna
configuration is shown in Figure 3.1 [19]. It casts of a radiating patch on a substrate is
coupled to a microstrip line feed on another patalbstrate through an aperture in the

ground plane which separates the two substratesap&rture coupled microstrip antenna
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can be used for linear and circular polarizatiofisvo uncoupled apertures can be excited
separately by a different feed line providing aasafe linear polarization of the emitted
electromagnetic wave. In this manner dual linealafizations or circular polarization
arrays can be designed. In probe-fed patch elevaard at a very good approximation in
microstrip line fed ones, the natural frequencytrd patch coincides with the resonant
frequency of the whole structure. However thisas the case in aperture coupled patches.
The input impedance of the patch as seen by théingeline consists of two

electromagnetically coupled equivalent circuitstfoe patch and the aperture.

microstrip microstrip

antenna feed
aperture 4 )

\ == /\/x
/
/

A ML
/
PE S S A S

»
~—

A

«— 0 —»|

i ' micr ostri
m|::rostr|p ground plane e p feed antenna ground
antenna substrate plane
substrate
a b

Figure 3.1 Side view (a) and top view (b) of a@aagular microstrip antenna aperture
coupled to a microstripline [19]
Pozaret al has modelled the structure through a combinatiemall-hole coupling theory
and the cavity method (reduced analyses) for patdennas [19]. It was based on a
simplified theory of the coupling of the microstrgntenna through an aperture to the
microstrip line. The objective was to deduce tphprapriate coupling mechanism and the
aperture position for efficient coupling. It wasnsidered that the patch is resonating in its
dominant TMoo mode. To a good approximation, the fields insitecavity formed by the

patch and the magnetic walls around the periphktlyeopatch can be expressed as
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2
E,() = —0_cos™® (3.1)
jae, A

Hy (%) =§sin% (3.2)

wherea is the resonant dimension of the antenna (alongisy;aandk, = 2n/A,. If the

aperture is located aty( yo, 0), polarisation currents are excited in the aperaacording to

P, = £0€r10eE;(Xp) (3.3)

My =-amHy(Xo) (3.4)

wherea_ and a,, are the electric and magnetic polarisabilitiethefaperture respectively.

For a small circular aperture of radiys a, anda,, are given by

2
a, = —§r03 (3.5)
_4 .3

By moving the aperture along the x-axis, the domircmupling mechanism can be shifted
from a pure electric dipole, to a combination aattic and magnetic dipoles, or to a pure
magnetic dipole coupling effect. If an aperturertizrostrip line coupling for an infinitely
long microstrip feed line of widtlV is assumed, the fields under this feed line ta @rder,

can be approximated as

E, =e K00 (3.7)

Hy =9 e k0gh0 for |yj<w /2 (3.8)
Wz,

Where kg is the effective propagation constant of the lides the feed line substrate
thickness and_ is the line's characteristic impedance. The cogptioefficients between

the cavity fields and the feed line can then beuwated as
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3 2
C, = 2o €k cos 2 (3.9)

" 3R, a
. e
—4jk,Z 1S —
C. = Fo%h aw g % (3.10)
3P, Z. a

where Cp and Cy denote the coupling factors via electric dipole andgnetic dipole
coupling, respectively, are,Z 377Q andP;ois a normalisation constant representing the

total power flow in the microstrip line.

When the approximatioa = A, /2\/5_ is used (where. is the effective dielectric constant

of the antenna substrate), equations (3.9) an@)3How that, fok,, = 2.55 andZ. = 50Q
and d/W= 0.34, the coupling due to the magnetic dipole isualthree times greater than
the electric dipole coupling. Thus if the magndtipole coupling mechanism is the

preferred one, then the aperture should be locHt®ga= a/2to maximize this effect.

Co¥=A (3.11)
2jZod /&
cmax - 2120V % ) (3.12)

Calculations for elliptical apertures show that, fieng and thin elliptical apertures of the
same area as a circular aperture, the couplindbean the order of ten times greater than
the circular aperture coupling. It has been cateduthat a thin rectangular slot (oriented

with its long dimension along) is the optimum aperture shape.

3.3.2 Input impedance

3.3.2.1 Network model

The effective input impedance (frequency dependent® patch antenna device gives the
bandwidth and reflection (§ characteristics. The input impedance for an taper
coupled antenna device is derived through netwamklyais technique [110]. The
simplified equivalent circuit model for an apertweupled antenna device based on the
above technique is shown in Figure 3.2 [111, 11Phe turn ratios nand n are found
from [112] by deducing the scattering coefficient3his is done by approximating an

induced electric field across the aperture and thetarmining the magnetic vector from it.
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The aperture admittances can be found by a trassmidine technique [113]. The
radiation resistance and fringing field effects approximated by appropriate admittances
from [114] and adding them to the equivalent mitnipsline admittances for patch

obtained from [113] to give the patch admittances.

Y patch

—L
T M
YL

Yapcrturc

g I oy

U
m Inductive coupling
Zin A/4 stub

= O

Figure 3.2 Equivalent circuit model for an apertweupled antenna device [111, 112]

The draw back of the above technique is the needdourate approximation of the electric
field along the aperture to determine the turnogsatind the ability to predict the input
impedance response of the antenna device duedo tgftes of resonator couplings such as

the patch coupling in a stacked aperture couplésha@ device.

3.3.2.2 Cavity model
In order to obtain the input impedance for the apercoupled antenna device, a cavity

based model has been developed by Himidal [107]. The structure has been described
and analysed based on the moment method. The abgntive was to obtain a physical
model of the phenomenon. In this context only dant thin cavity was considered in a
first approximation, therefore it is sufficient ergh to consider the Ti\jymode.

The first step is to consider the microstrip antems a cavity bounded by four perfect
magnetic walls and two electric wallszat 0 andt as shown irFigure 3.3. A magnetic
current source M located in the aperture is detsethiusing the principle of equivalence:

M = 2E°xZ. E%is the aperture electric field and is expressed by
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sinka (La /2=|y - yol)

(3.13)

sinkaLa /2)

(3.14)

Xg~—Wa [2SXSXg+Wa /2,yg—L, /2S5 y<yg+Lal2

Ls

\/

La

A

(b)

Figure 3.3 (a) Top view of the aperture coupledeant along with dimensions, (b) Side

view of the antenna structure redrawn from [19]

To obtain the z-component of the electric field into therall volume cavity, the magnetic

The

current source is assumed to be uniformly distributethe volume above the slot.
other electric field components near the slot are coresidey evaluation of the reactive

(3.15)

y

L. /2)

a

sin(k
Is the propagation constant angdis the modal voltage

v, Sink. (L. /2=y = y|)

W,

2

J

. 2TT £r1+£r2 -2 .
A

J

above the aperture parallel to the x axis

power of the slotline. The equivalent magnetic aurcensity can be written as
a=

wherek

(3.16)

O<z<t

X0 ~Wa /2SS XS Xg+Wa /2yg—La/2Sy<yg+Lal2

Simple expressions for, Bnd H can be obtained for the dominant mode TM wherand

H; represent electromagnetic fields in the cavity ame solutions of the propagation

equation with perfect magnetic walls,

(3.17)

z

Acos@)
a

Ei:
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H; =Bsin(X)y (3.18)
a
where A and B are given by

A= 287N0 5-sing
k- (mr/a)

X, Sin(w, /2a)
ba?” tk, sin(k,L, /2)

x[1-cosk, L, 12)] (3.19)

., a
B = j(")aEnoA (3.20)

The second step deals with the radiation of thenm@g current sourcel(x, y) =t E(x,
y)xZ at the edges of the cavity. This source is allowedadiate into space given by
(P

T

.q) While the losses in the coppeP,() and the dielectric R,,) can be computed by
integrating the fields inside the cavity. Simijathe radiation loses and the electi,(.),

magnetic W,

o) Stored power can be calculated. Nay =1/Q where Q is the quality
factor is given by

R +Pcu+Pd

rad

-1
Q 200N e,
Now replacingk in equation (3.19py K., where K, = Kom, wherek, is
the free space wave number. The admittance dritenna at the aperture is given by
Yant = [Prad +P oy +Py+2jo(Welec _Wmag)] x |V0|_2 (3.21)

The susceptance component due to the stored eoktigy local field near the slot can be

o (3)20

simply obtained from the two short-circuit slotds (with proper characteristic impedance

Z.5 and wave numbeK 5 by

2] La
Yap - _Z—Cacot(ka 7) (322)

The total admittance at the aperture is givervRy= Ya, + Yant

The input impedance seen at the input of the tresssom line is given by

_y __ Yat
whereZ) =Yj =—= (3.24)
A\
andAV = [E,xH.ds (3.25)
slot
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where H| is the normalized magnetic field for a microstiipe, Ly is the length of the

open-circuited stub anll, is the wave number of the microstrip line.

Sophisticated input impedance models like the trassion-line model and the cavity
model (implemented using the Eigen function expamsnethod) are outlined in the above
Sections for the aperture coupled antenna deviteese models are useful for illustration
of principle of operation of aperture based antenndowever, these models are based on
the same thin-substrate approximation as the tiroodel (presented in Section 2.2) and
improvement in accuracy is questionable and intm@aot widely used in design and
modelling of the antenna devices. For thicker sabss and for complex feed coupling
mechanisms for a patch antenna device, a full-wginmilator like Ansoft HFSY is
recommended for maximum accuracy. In order, taioldome design criteria to judge the
performance of the micromachined aperture coupfgdnma devices, the CAD formulas
presented in Section 2.2 are used for determiriagrtitial resonant frequency, bandwidth

and gain.

34 DESIGNMETHODOLOGY

The simulation technique used in the thesis workased on 3D full wave analysis of
electromagnetic fields using Ansoft HF$'9105, 115] based on the finite element method
for solving Maxwell’s electromagnetic equationsheTanalysis is performed in the driven
mode and the results for impedance, admittanceejexity, gain and polarisation graphs as
a function of frequency are extracted from the ysial
For a Driven Solution, Ansoft HFSS solves the failog matrix equation [115]:

Sx+kiTx=Db (3.26)
Where:
S and T are matrices that depend on the geometrjhammesh.
x is the electric field solution.
Ko is the free-space wave number.
b is the value of the source defined for the pnoble
To calculate the S-matrix associated with a stmactine system does the following:

a) Divides the structure into a finite element mesh.
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b) Computes the modes on each port of the structuae dhe supported by a
transmission line having the same cross-sectigheaport.
C) Computes the full electromagnetic field patterndashe structure, assuming that
one mode is excited at a time (usually fundamentade is assumed).
d) Computes the generalized S-matrix from the amotirgfeection and transmission
that occurs.
The final result is an S-matrix that allows the miaigde of transmitted and reflected signals
to be computed directly from a given set of inpignals, as opposed to the input

impedance (lumped element) models presented inoBeXB.

Ground plane
an aperture

Figure 3.4 Side view of the micromachined aperturepled antenna device modelled in
Ansoft HFSS [115]
Schematic diagram of the modelled micromachinedtape coupled antenna device is
shown in Figure 3.4. A schematic diagram for angedesign and simulation flow is
shown in Figure 3.5. In Ansoft HFSS, the devicandérest is drawn as a 3D structure
using the graphical user interface and various A0 2D drawing objects. The material
properties are assigned with the internal HFSShdata New materials are created and

added to the library if necessary.
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Figure 3.5 Modified Ansoft HFSS 3D model and the&gieflow
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Figure 3.6 Design modeller environment in Ansoft3$q115] and the 3D model of the
micromachined aperture coupled antenna device

The boundary conditions for the 2D metallic struetu and radiation boundaries are

assigned through the boundary assigning tool. lliginaorts are assigned as lumped ports
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for antenna designs and an integration line isigdor the port. The metal elements in the
design are meshed automatically and the portsari¢ed with a voltage potential. The
devices are also modelled for various dimensionshefair cavities, dimensions of the
polymer rim and for various substrates. The resaite then compared and further design
iterations are carried out in order to achieverojed designs. Figure 3.6 shows a typical

example of an antenna structure created in the HIESE§N environment.

3.4.1 Assigning portsand boundaries

Ports are the boundary conditions in Ansoft HFS® &tlow energy to flow into and out of
the structure [116]. Ports can be assigned toZihybject or a face. It is necessary to
determine the excitation field pattern at each pwefore the full three-dimensional
electromagnetic field inside the structure cand&euwated. Ansoft HFSS uses an arbitrary
port solver to calculate the natural field pattemmrs modes that can exist inside a
transmission structure with the same cross-secm®rihe port. The resulting 2D field
patterns serve as the boundary conditions foruhehree dimensional problem. Lumped
and wave ports are widely used in HFSS for definirggports. A wave port is assigned to
the structure where energy enters and leaves watlionductive shield while voltages are
defined for the lumped port [115]. Lumped ports assigned at the edge of the microstrip
feed lines for the microstrip fed micromachinedréye coupled antenna device as shown
in Figure 3.7 while a wave-port is defined for BBW fed micromachined antenna device
presented in Section 3.7. Figure 3.7 shows thieqgteE boundaries, radiation boundaries
and the assigned lumped port for the micromacharednna device. There are two types
of boundaries in HFSS, the perfect E boundary aedadiation boundary. The perfect E
boundary represents a perfect electric boundaryvéd) where the E-field is forced to be
normal to the assigned boundary. In HFSS the pelebtoundary is optional and is
generally used to represent perfect conductingasas. Copper cladded PTFE substrates
are extensively used in the fabrication of antetesces. In order to understand the effect
of conductivity of copper metal on the antenna devperformance, the copper metal is
assigned as a solid block with a conductivity o8x8.0 S/m instead as a perfect E
boundary. When calculating radiation fields, tteues of the fields over the radiation
surface are used to compute the fields in the spam@unding the device. This space is
typically set up by a boundary called radiation taary (surface) which is typically an air

region that is extended by approximatgl¢ from the radiating element on all sides. The
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radiation boundary represents a perfect magnetiadery where the H-field is forced to be
normal to the assigned boundary. As shown in Eiguv, the perfect radiation boundary
assigned to the antenna model form a cubic boxosimg the antenna and its substrate.

The electromagnetic field within this box is soliadhe field simulation.

3.4.2 Solution setup

A solution setup is needed in order to perform alyesis of the device / structure in Ansoft
HFSS. HFSS takes the frequency sweep parametees driven mode) and obtains the
field solutions (from propagation constant) by swdvthe boundary value problem of
Maxwell equations as shown in [105]. The solutsmiup stage consists of the solution
frequency which is the frequency used by the adaptiesher to automatically refine the
mesh to obtain the electrical performance of theicdeand this is generally the centre
frequency of the frequency sweep. The adaptivatisol consists of the maximum number
of passes the adaptive mesh routine will perfornt atempts to satisfy the convergence
criteria. It also consists of the maximum deltpe® pass which defines the convergence
criteria for the adaptive meshing process [116].he Tsweep setting specifies the
characteristics of input signals: start frequeneyd frequency, frequency step, voltage
level, current level and waveform shape etc. Tipesameters are defined by the operation
frequency of the antenna device. For instancethi®antenna devices studied in the thesis,
the sweep is set at the start frequency of 10 Gidzstop frequency of 16 GHz with a step
size of 0.1 GHz. The delta S per pass is setoainar0.005.

3.4.3 Validation check and ssimulation

After the micromachined antenna model was createtithe ports and boundaries were
assigned to the model, validation check was cawigidto ensure that the model settings
were correct for simulation. Within Ansoft HFSSsths executed automatically by the
validation check tool. Any errors associated wiita design and settings which can lead to
failure of the numerical simulation would be repokt When the validation check is
completed, 3D electromagnetic field analysis isiedrout on the antenna to obtain the
characteristics of the device through the simuhagémgine of HFSS. After obtaining a
generalized S-matrix, it will be normalized to ampedance of 5Q to compute reflection
and transmission directly from the resultant dafa.renormalize a generalized S-matrix to

specific impedance, HFSS first calculates a unigugedance matriZ for the structure
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under consideration. A typical simulation proctdses about 30 ~ 200 minutes depending

on the size and complexity of the antenna design.

3.4.3.1 Mesh control and accuracy

In general, the analysis problem space is diviged thousands of smaller regions in the
finite element method and each sub-region (elemenmgpresented with local functions to
eliminate spurious modes [105]. In the case of ElRBe geometric model is automatically
divided into smaller regions called tertrahedragmeha single tetrahedron is a four-sided
pyramid. This collection of tetrahedra is refertedas the finite element mesh. There is a
trade-off between the size of the mesh, the dedeeel of accuracy and the amount of
available computing resources in Ansoft HFSS [11Hach of the individual elements
(tetrahedral) is equally responsible for the accyia the solution. The visual image of the
mesh allocation in Ansoft HFSS for a microstrip fedcromachined aperture coupled
antenna device is shown in Figure 3.7. Each elemmeist occupy a region that is small
enough for the field to be adequately interpoldtech the nodal values in order to generate
an accurate description of a field quantity [1057/]1 However, generating a field solution
involves inverting a matrix with approximately asamy elements as there are tetrahedra

nodes.

For meshes with a large number of elements, sucinarsion requires a significant
amount of computing power and memory. Therefdrés desirable to use a mesh fine
enough to obtain an accurate field solution buttootmuch that it cannot be handled by
the available computer memory and processing powen. iterative process called an
adaptive (meshing) analysis is used by HFSS toym®dan optimal mesh, in which the
mesh is automatically refined in critical regionBirstly a solution is obtained based on a
coarse initial mesh. Then, the mesh is refinecreas of high error density and new
solution is generated [105, 116]. This processefgeated until the selected parameters
converge to within a desired limit (delta S). Hetsolution has converged, then the
previous mesh is as good as the current mesh. kB an use the previous mesh to
perform frequency sweeps for driven mode and obtaire field solutions at all the

frequencies.
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Figure 3.7 Mesh formation for the micromachinedréyne coupled antenna model in HFSS

3.4.4 Extraction of ssmulation results

After simulation, the electromagnetic field solutiftor the antenna device is obtained. The

post processor of HFSS allows the user to viewda and extract the desired device

characteristics from the solution data. The rescétn be displayed in tabular forms or a

variety of 2D/3D plots. The bandwidth, gain anticeé$ncy are the most important factors

for antenna devices. In order to obtain the valuthe bandwidth, the reflection scattering

parameter (8) of the antenna device was extracted from thel fselution as presented in

[116]. The bandwidth is determined by the differe@nbetween the upper and lower

frequencies at which the magnitude of the reflecsoattering parameter is -10 dB. The

radiation pattern and gain along with the radiagfficiency at different frequencies are the

critical factors for antenna devices.

3.5 A MICROSTRIPFED MICROMACHINED APERTURE COUPLED PATCH
ANTENNA DEVICE

Figure 3.8 shows schematics of a microstrip fedclpatintenna device using a

micromachined polymer ring. The suspended pataigdds studied for high efficiency

operation.
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Figure 3.8 Geometry of the (a) cross-sectional vaéed (b) top view of microstrip fed
micromachined aperture coupled patch antenna device
In order to create a sealed air cavity betweemtleowave substrate and the polyimide
thin film substrate, a square polymer ring (SU8)rim used. Therefore there is an
improvement in the radiation frequency when the &perture) based feeding method is
used and also it allows wide band operation whsdsiuthe double tuning effect of the slot
when compared to the other feeding techniques]28]. Hence by incorporating the air
cavity and the slot in the antenna device, highm gand wide band operation can be

achieved simultaneously.

A frequency range of around 10 GHz is more suitabl@roduce devices on the 3 inch
wafers. The height of the air cavity is chosebéoat least 1.5 mm and equal to the height
of the lower substrate which also depends on cainstrin producing uniform thick
polymer films. Furthermore it is much easier toquce SU8 films of thicknesses between
1 pm to 1.5 mm otherwise it is difficult to contrble surface uniformity. The effect of
different supporting substrates has also been atedun order to determine an optimum
substrate to support the patches for the micro$&db micromachined aperture coupled
patch antenna device. Ideally, the substrate dhoeilthin, flexible and low cost. Taconic

thin film substrates of different thickness and e polyimide substrates have been
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modelled in HFSS for optimum performance. The wtielealed that there is not much
variance in the performance of the antenna fal@ttah the above two different substrates
suggesting that the flexible and cheaper polyingdbstrate can be used to support the

patch element.

3.5.1 Design and simulation

For the ease of characterisation, the device wsigied to operate at around 12 GHz using
in-house facilities. The approximate resonant sy for the micromachined antenna

devices depends on the dimensions of the resorsoh glement primarily [119] and is

given by
k..C
f, =—™mo 3.26
° 2mfe, (3.26)
2 2
kr%nz(MJ +(M] (3.37)
a b

where cis the velocity of lighta is the patch width and is the patch lengthe,, is the

effective dielectric constant and m, n denotesrtiogles. The resonant frequency can be

approximated for the Thd mode. The effective permittivity is given by [4]

geﬁ - gair‘gpolyimide (328)
gair + (8 gair )X

sub air

Where ¢,, is the relative permittivity of aireg is the relative permittivity of

polyimide
polyimide film, x,;, is the ratio of the polymer rim thickness to thensof the polymer film
thickness and the polymer rim thickness. Due &oftimging fields at the ends of the patch
elements the electrical length of the element igyéw than the physical length. A formula
for computing the lengthaL associated with the fringe fields has been deribgd

Hammerstad [39].

(.4 + 0.3{2 + 0.264j

(e, ~025¢8 2~ 08
e h

where b is the length of the patch element, h is the guhedhickness of the polymer rim

AL

- =0412 (3.29)
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and the thickness of the polyimide substrate. Thethwaf the patch element for this
micromachined antenna device was fixed at 11.5 mm éongact micromachined antenna
device. The physical dimensian(width as shown in Figure 3.4) of the patch can theis b

approximated by

a ~2AL (3.30)

Cc
C2f, ey
The aperture length controls the resistive part of tpatiimpedance where as the open
circuit stub length controls the reactance part of tpetiimpedance [119]. Increasing the
length of the aperture also decreases the resonankefreg of the antenna device slightly.
Thus, this has an effect on the function of the argtett@vice with respect to the resonant
frequency and the bandwidth. Moreover, the apextatpling is predominantly magnetic

from equation 3.12.

After obtaining the approximate dimension of the patcmeld, optimisation of the design
parameters such as the dimensions of the open circutstrip stub, aperture and top patch
was performed using the Ansoft HFSS electromagnetic ationlpackage. As the aperture
is operated at close to resonance for this antennasjeéheinitial length of the aperture can
be approximated from (3.30) by replacing the dimensidsy aperture lengthaf). AL is
replaced byAland &, bye

subeg|l* ‘Esubeql IS given by

subeql —
2 W,

+ - t
E o = 222 1+£S“; 1[1+12 ap} (3.31)

wheret,, is the thickness of the Arlon substrate, is the width of the aperture which is

fixed at approximately 1/10 of its length&,, is the dielectric constant of the Arlon

substrate.
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Table 3.1 Summary of tharameterdor themicrostrip fed micromachined aperture coupled
patch antenna device

Parameter Unit (mm)
Patch width 9.5
Patch length 115
Patch thickness 0.007
Aperture length 11
Aperture width 1.1
Microstrip length 18.84
Microstrip width 0.85
Inner length of cavity 19
Inner width of cavity 19
Cavity height 15
Polyimide thickness 0.125

Alypis obtained from equation 3.29 by substituting thkies of the aperture width and the
thickness of the Arlon substrate. The width of ierostrip line is approximated using the
transmission line calculator from AWRnicrowave officé" while a stub equivalent toy/4

is used initially. A4 is the guided wavelength for the Arlon substratehis case. The
optimisation of the aperture resulted in the apertesonating close to resonant frequency
of the patch and hence the double tuning effectwtiéigzed to obtain a wide bandwidth for
the antenna device [25]. The height of the camMitghosen not only to achieve optimum
bandwidth and gain but also for the ease of fabdoa The antenna dimensions of the
polymer rim were chosen so as to achieve highieffay and compact size in the HFSS
simulation. The dielectric constants of the polgen film, the SU8 polymer and the
microwave substrate (AD300A, Arlon MED) are 3.5(1,24.2 [121] and 3 [122] while the
corresponding loss tangents are 0.0026 [120] ab¥2g123] and 0.003 [122] respectively.
The tolerances (variations) experienced due toutt®venness of the SU8 polymer rims
should be taken into account while simulating theramachined antenna device. After an
initial height of 1.5 mm is fixed for the air cayjtthe height is varied in steps of 50 um in
the Ansoft HFSS modeller so as to study the etdéthe variance of height in the shift in
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resonance of the antenna structure and also théwidth. It has been verified that a
tolerance of 100 um is acceptable for < 1% varianceimulated bandwidth. A small
rectangular overlay on the end section of the rsicq line where the connector would
normally be attached was modelled in order to ipomate the effect of the SMA connector
into the antenna design and simulate. The dimass{8x1.5 mm) of the overlay were
chosen such that they matched the length and dearoétthe pin of the SMA connector.

Table 3.1 gives a summary of the optimized desaameters of the antenna device.

3.5.2 Resultsand discussion

3.5.2.1 Field distribution
Figure 3.9 (a) and (b) show the electric and magrieids for the micromachined aperture

coupled patch antenna structure at 13 GHz. Thdsfi@re plotted in vector and magnitude

H Field[a/n]

E Field[¥/n] 7.0000¢ +009
5.0000+083 . 6. 5625¢+600

. 5. 625 . 1250 +600
5. 250 5. 6875¢ 4000
4, 87504803 5. 2500¢ +009
4. 500Ae+083 '+, 8125 4600
4,1250e+083 3750 4600
3,7500+003 3,9375¢+000
3.3750+803 3, 5000¢ +009
3.0000¢+003 3.0625¢+000
2,6250e+083
2,2500e4003
1.8750e+083
1,5000¢+003

B ©izsecec0s 8,
7.5000e+002
3,7500e+002 0. 8080 +868
0.0000¢+000

(a) (b)

Figure 3.9 Field model showing the scalar and ve) electric and (b) magnetic fields at
13.5 GHz.

The field plot show that at the frequency of ingtrel3 GHz, which is the efficient

radiating frequency for the antenna structurecait be seen that the fields satisfy the;dg\

mode at this resonant frequency. The plot alsevshbat, there are electric and magnetic

fields on the ground plane that correspond to tiepggating TEM mode on the microstrip

transmission line underneath the ground plane. disigibution of electric and magnetic

fields also indicate the presence of backward tiia
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3.5.2.2 S parameters and study of the bandwidth
To determine the performance of the aperture coupleenna device as described in

Section 3.4, the reflection coefficient;(fand VSWR parameters are plotted to determine
the -10 dB bandwidth after optimising the antenagggmance. The reflection coefficient

(S11) and VSWR parameters are plotted as a functidregtiency as shown in Figure 3.10.

0 3.0
J252
—~ =51 %
= 2
- 12.0 &
= =
T =
11.5»n
= VSWR >

— reflection coefficient (Su)

15 . ' v v —1.0
10 11 12 13 14 15

Frequency(GHz)

Figure 3.10 Simulated reflection coefficient and YSWR parameters for the optimized
microstrip fed micromachined aperture coupled paokenna device

The impedance parameters are plotted in Figure 3tldan be seen from the plot that the
reflection coefficient (§) is lower than -10 dB from around 11.5 GHz and W8VR are
lower than a value of 2. The plot also shows thatreflection coefficient () is less than
-5 dB from around 11.5 GHz to 15.5 GHz that coroegfs to attenuation or a loss of 30%
power. Although the antenna structure can be @sed radiating element within this
frequency range, it can be seen in the later sectibat the gain and directivity of the
structure is below 5 dBi even though the radiagéficiency is above 95%. The radiation
plots also show that there is significant back aadn for frequencies below 12 GHz and
above 15.5 GHz.
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Figure 3.11 Simulated impedance parameters for ntade, real and imaginary values

3.5.2.3 Normalised radiation patterns
The radiation patterns for the antenna device wbtained from the field solution and are

plotted as a function of frequency from the faldfi@lotter interface in Ansoft HFSS.

Normalized radiation patterns for the E plane anpldhe of the 3 D radiation pattern are
plotted at different frequencies from the radiatuaitern interface in Ansoft HFSS. Figure
3.12 shows the 2D and 3D far-field radiation paiseior the microstrip fed patch antenna
device at 13.2 GHz near to the centre frequendhebperating band. The patterns show

that there is significant backward radiation argh#icant side lobes in the E plane.

Figure 3.13 shows the polar radiation pattern cufvem 11.5 GHz to 15 GHz. The plots
show the E plane and H plane radiation patternshi®rantenna device. The back to front
radiation ratio and the side lobes can be studiatifierent frequencies from these plots.
The E plane plot shows that there is a minimal $be in the front side and increasing
with frequency while the pattern posses two sigariiit side lobes at around 15 GHz. The
peak backward radiation for both the E plane amdafe for the aperture coupled device is

around -8 dB in magnitude (normalised) and alsoeimses with frequency.
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Figure 3.12 2D radiation patterns in E (x-z) plaaed H (y-z) plane (a) and 3D (b)
radiation patterns of a microstrip fed micromachireperture coupled patch antenna
device at 13.2 GHz
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Figure 3.13 Simulated normalized E and H plane aidn patterns at different frequencies
for the microstrip fed micromachined aperture caappatch antenna device
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It can also be seen that, the backward radiatidgherE plane for the antenna device varies
from -4 dB at 11.5 GHz to around -10 dB at 13 GHa mcreases again to around -4 dB at
15 GHz to around — 10 dB at 13 GHz and increasagdg around —4 dB at 15 GHz. It

can be concluded that the microstrip fed micromasthiaperture coupled patch antenna
device has a poor front to back ratio it termsaafiation and which can be attributed to the

radiation from the microstrip feed line.

3.5.2.4 Directivity and gain
Figure 3.14 shows the time of directivity, gain afficiency for the microstrip fed aperture

coupled antenna device with respect to frequefdye left 'y’ axis gives the magnitude of
antenna directivity and gain where as the righta¥is gives the absolute efficiency. It can
be seen easily from the plot the gain curve folldles directivity curve suggesting almost

100% radiation efficiency within the radiation bandth region.
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©
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Directivity / Gain (dB)
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= Directivity
Efficiency
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10 11 12 13 14 15
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Figure 3.14 Simulated gain, directivity and radatiefficiency of the optimized microstrip
fed micromachined aperture coupled patch antennécde
The gain and bandwidth varies from about 5 dBiGtGHz to around 8.3 dBi at 13 GHz
and falls back below 6 dBi after 15.5 GHz. Theaace of directivity and gain with in the
radiation bandwidth is below 1 dBi while it varieggnificantly out of the radiation

bandwidth. Radiation efficiency is the ratio oktkotal power radiated by the antenna
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device to the power input. The radiation efficigifiar this antenna varies from about 0.95
to close to 1 at 15.5 GHz.

3.5.3 Effect of microstrip length

The effect of microstrip feed length on the impema@and therefore the; Sresults were
studied. Simulations in Ansoft HFSS were carried @ determine the ;pfactor as a
function of frequency for different values of thacrostrip length while keeping all the
other dimensions constant. The geometrical paemmetnd substrate properties of the

aperture coupled antenna are the same as thable 34..

The length of the microstrip line is varied to stutle change in bandwidth and the gain of
the antenna device. The length of the microsinig is varied from 18.05 to 18.84 mm to
obtain the corresponding simulated-Sarameters as shown in Figure 3.15. The effect of
the microstrip length is to change the impedanan s& the end of the microstrip line
thereby changing the -10 dB bandwidth of the dedieduced from the;gplots. Figure
3.15 show that the -10 dB bandwidth decreases aslethgth of the microstrip line
decreases while the bandwidth increase with thgtthen An optimum length of the
microstrip line is around 18.84 mm after which #menna behaves as a dual band device
when considering the —10 dB bandwidth. Furtheretese of the length of the microstrip
line from 18.05 mm decreases the bandwidth to getaextent while maintaining good
reflection coefficient (§). The efficiency of the antenna device on theeothand is
almost constant for all different microstrip lengithin antenna design, a device is usually
aimed for larger bandwidth while having optimum rgand efficiency. The optimal
conductor thickness is in the region of 7 ~u0. From equation (3.23) it can be seen that
the input impedance at the end of the microstrip for an aperture coupled antenna design
is a function of the transmission line length ahd tharacteristic impedance,. ZBy
changing the length of the microstrip line, the @dpnce changes which is related to the
bandwidth of the antenna device. This method sfgiteoptimisation is more suitable for
applications where the patch dimensions and theesgpolymer rim) height are fixed but a

large bandwidth is required.
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Figure 3.15 Simulated reflection coefficieni;jarameters of the microstrip fed
micromachined aperture coupled patch antenna ddwicdifferent microstrip lengths

3.5.4 Effect of SU8 polymer rim dimensions

The effect of SU8 polymer rim dimensions on the Garacteristics are studied for three
different rim designs. Simulations using Ansoft$8-are carried out to determine the S
factor as a function of frequency for different Wicand length of the polymer rim while

keeping all the other dimensions constant.
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Figure 3.16 Simulated reflection coefficieni;jarameters of the microstrip fed
micromachined aperture coupled patch antenna ddwicdifferent SU8 polymer rim
dimensions
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The dimensions of the rim were varied to studydha&nge in bandwidth and the gain of the
antenna device. The dimensions studied were 2r@thmm, 16 mm x 16 mm, 12 mm X
12 mm respectively and the corresponding simul&ggarameters are shown in Figure
3.17. The width of the rim is 1 mm as can be seeRigure 3.4. All of the polymer rims
are centred with respect to the patch element. efleet of the polymer rim dimensions is
the change of the impedance seen at the end afitirestrip line thereby changing the -10
dB bandwidth of the device deduced from thg §lots and also the efficiency of the
antenna device. The optimum dimensions were faarge around 16 mm x16 mm. The
dimensions of 20 mm x 20 mm were chosen for thal filesign. The effect of the polymer
rim dimensions on the gain and directivity weredstd and the results are as shown in
Figure 3.17. The effect of the polymer rim dimemsi on the radiation efficiency are
shown in Figure 3.18 while the effect of rim dimems on gain, directivity and efficiency
at centre frequency of 13.1 GHz is presented inuféig8.19. The gain, directivity and
efficiency are similar for the dimensions of 16 rs#ri6 mm and 20 mm x 20 mm while a
reduction in the above parameters is observech®odimensions of 12 mm x 12 mm. This
means that the effect of the dielectric constaudt lass tangent of the SU8 polymer rim is

more significant in the case of the smallest polyre.

9

e Dimensions of 20 mmx20 mm
Dimensions of 16 mmx16 mm
e Dimensions of 12 mmx12 mm

11 12 13 14 15
Frequency (GHz)

Gain / Directivity (dB)

Figure 3.17 Simulated gain, directivity parametefghe microstrip fed micromachined
aperture coupled patch antenna device for diffe@d8 polymer rim dimensions. The solid
lines represent directivity while the dotted limepresent antenna gain.
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Figure 3.18 Simulated radiation efficiency parametef the microstrip fed micromachined
aperture coupled patch antenna device for diffe@d8 polymer rim dimensions
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Figure 3.19 (a) Simulated gain, directivity and@éncy parameters of the microstrip fed
micromachined aperture coupled patch antenna dedwicdifferent SU8 polymer rim

dimensions at 13.1 GHz. A, B,C represents a polyimedimensions of 20mmx20mm,

16mmx16mm and 12mmx12mm respectively. (b) Sintlkfteciency parameters of the
micromachined patch antenna device for differen8 $olymer rim dimensions at 13.1 GHz
From Section 3.3.1, the dominant resonance for dhienna device is through complex
electric and magnetic coupling of the apertureht fadiating patch element and thus it is
difficult to estimate the effect of polymer rim d¢ime dominant resonance but this could be
studied with the Ansoft HFSS full wave simulationsWith reduced polymer rim

dimensions, one would expect an increase in effectiielectric constant beneath the
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radiating patch element thus reducing the resoftaquiency which can be seen in Figure
3.16. The variation in directivity and gain is abd dB with the polymer rim dimensions.
The directivity is about 7.5 dBi with smallest ridimensions and almost uneffected at
about 8.5 dBi for the polymer rim dimensions of I8ri6mm and 20mmx20mm. The

variation in antenna efficiency is minimal and lmat 0.03%.

3.5.5 Effect of SU8 polymer rim thickness

The effect of SU8 polymer rim thickness on the &aracteristics are studied in order to
understand the effect of manufacturing tolerances the performance of the

micromachined aperture coupled antenna devicas dnticipated that the manufacturing
tolerances of about 70 um are likely in the falica of the SU8 polymer rims as

presented in Section 4.6.3. Simulations in AnBIHES are carried out to determine the S

factor as a function of frequency by varying thgheof the polymer rim from 1.3 mm to

1.7 while keeping all the other dimensions (inchgdipolymer rim dimensions of

20mmx20mm) constant. The corresponding simulategp&ameters are shown in Figure
3.20.

e N=1 3MM e h=1 55mm
e N=1.35MM amm——h=1.6mm
-15 e=h=1.4mm h=1.65mm
e N=1 . 45MM cmmmmmh=1.7mm
e h=15mm

2T 1713 14 15 16
Frequency(GHz)

Figure 3.20 Simulated reflection coefficientjarameters of the microstrip fed
micromachined aperture coupled patch antenna ddwicearying SU8 polymer rim
thickness. The thickness of the polymer rim itdehby ‘h’ in the plot.
The variation of polymer rim thickness has an dffat the reflection characteristics and

there by the achievable bandwidth for the anterevacd the impedance seen at the end of
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the microstrip line thereby changing the -10 dBdwaidth of the device. From Figure 3.20
one can see that for the polymer rim height fromh thm to 1.6 mm the variation in
bandwidth is less than 2% and a similar variationcentral frequency while for the
variation form 1.3 to 1.4 mm and 1.6 mm to 1.7 nimavgs a variation of greater than 5%
and similar variation in central frequency. Thi®ws that an optimally stable bandwidth
and central frequency can be maintained for theamachined antenna device fabricated
with a tolerance less than 100 um. The variatiodirectivity and gain is about 0.3 dB
with the variance in polymer rim dimensions as shawFigure 3.21 (a). The directivity is
about 8.5 dBi with a polymer rim height of 1.3 mndas about 8.8 dBi with the polymer
rim height of 1.7 mm showing a small increase wfité increase in height of the polymer

rim. The variation in antenna efficiency is miniraad is about 0.02%.
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Figure 3.21 (a)Simulated gain and directivity parters of the microstrip fed
micromachined aperture coupled patch antenna ddwicdifferent SU8 polymer rim
dimensions at 13.1 GHz.(b) Simulated efficiencpmeters of the micromachined patch
antenna device for different SU8 polymer rim thedshat 13.1 GHz

3.5.6 Effect of SU8 polymer rim dielectric properties

There is a variation in the dielectric properti€she SU8 polymer reported in the literature
primarily due to the variation in the compositiohSU8 from the supplier and due to the
viscosity of the SU8 material. The relative diélecconstant of the SU8 polymer of 2.9
and the corresponding loss tangent of 0.04 arertesppdor a cured SU8-25 formulation at
10 GHz in [40]. The dielectric constant of 3.3%ldhe corresponding loss tangent of 0.015
are reported for the cured SU8-25 formulation aGHY in [124]. The dielectric constant
for SU8-100 polymer of 4.2 at 10 GHz derived frob2]] while the corresponding loss

tangent of 0.042 [123] are used in the modellinghef micromachined antenna devices at
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10 GHz. Thus, different types of SU-8 are avadalblhose dielectric properties are
sensitive to processing conditions [40]. The SW08-inaterial used for the micromachined
antenna devices is formulated in house and thigdikely that the material properties may
vary from that reported in the literature and alse to the processing conditions. In order
to understand the effects of the dielectric praperof the SU8 material on the antenna
properties, antenna simulations are performed byinvg the dielectric constant of the
SU8-100 material from 3.5 to 5 in steps of 0.5.u§ha dielectric constant of 4 and a loss
tangent of 0.042 give better agreement betweesithelated and measured; $oefficient
for the micromachined antenna device as shown gurEi3.22. The SUS8 polymer rim

dimensions are 20mmx20mm for the simulations.

0 11 12 13 14 15
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Figure 3.22 Simulated reflection coefficieni;jarameters of the microstrip fed
micromachined aperture coupled patch antenna ddwicearying SU8 dielectric constant.
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Figure 3.23(a)Simulated gain and directivity pardere of the microstrip fed
micromachined aperture coupled patch antenna dexacging SU8 dielectric constant at
13.1 GHz.(b) Simulated efficiency parameters efrtticromachined patch antenna device

for different SU8 polymer rim thickness at 13.1 GHz
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The variation in directivity and gain is about 0.0B with the variance in polymer rim
dimensions as shown in Figure 3.23 (a). The vanah antenna efficiency is minimal and
is about 0.01%. This shows that the variation latiee dielectric constant has an effect on
the reflection coefficient characteristics of thécrmmachined aperture coupled antenna

device but minimal effect on the radiation charasties.

e 0SS tangent =0.01
e 0ss tangent =0.05
e 0ss tangent =0.1

o713 17 15
Frequency(GHz)

Figure 3.24 Simulated reflection coefficieni;jarameters of the microstrip fed
micromachined aperture coupled patch antenna ddwicearying SU8 dielectric loss

tangent.
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Figure 3.25Simulated gain and directivity paramstef the microstrip fed micromachined

aperture coupled patch antenna device varying Sigiclric loss tangent at 13.1 GHz.(b)

Simulated efficiency parameters of the micromacheech antenna device for different
SU8 polymer rim thickness at 13.1 GHz
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Antenna simulations are also performed by varyhmgdielectric loss tangent of the SU8-
100 material from 0.01 to 0.1. The variation inedtivity and gain is about 0.02 dB with
the variation in polymer rim dimensions as showrFigure 3.23 (a). The variation in
antenna efficiency is minimal and is about 0.01%his shows that the variation in loss
tangent has a minimal effect on the antenna chenistits of the micromachined antenna

device.

3.6 A MICROSTRIP FED MICROMACHINED APERTURE COUPLED STACKED
ANTENNA DEVICE

A microstrip fed micromachined aperture coupledcletd antenna device has been
designed and will be analysed in this section. &perture coupled device is impedance

matched for wideband operation.

3.6.1 Antennadesign and simulation

Figure 3.26 (a) and (b) show the cross sectiorel\af a microstrip fed micromachined
aperture coupled stacked antenna and the top viewheo coupling aperture and the
microstrip on the substrate surfaces. In ordemjgrove the bandwidth and efficiency of
the resultant antenna device, suspended patchesused. The device consists of a double
cladded microwave PCB substrate and two suspendézhgs which forms a stacked
antenna device. The microstrip feed line on thiolbo surface of the microwave substrate
feeds the device through a rectangular couplingtag@in the ground plane on the top
surface of the substrate. Table 3.3 shows a suynofathe physical dimensions of the
structure layers for the microstrip fed micromaehinaperture coupled stacked antenna.
The thickness, dielectric constant and loss tangkttie substrates are given in Table 3.4.
The patches on thin film substrates are supporjedcicromachined polymer spacers to
reduce the loss and hence to improve the gainefddvice. The antenna elements are
protected from moisture and environment by the tezs/iformed by the bonded polymer
rings. A microwave PCB material (AD300A, Arlon MEDL122] was used as the base
substrate and polyimide thin films (Du Pont) wesed as the supporting substrates for the
two suspended patches. The antenna device wamdddior operation in the 8 — 12 GHz

of frequency region with 40% of bandwidth.
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Figure 3.26 (a) Schematic cross-sectional viewhefmicrostrip fed micromachined
aperture coupled stacked antenna using micromadhpmdymer spacers. The top view of
the apertures and feed lines on the substrate sertarresponding to (a) is shown in (b)

The design and modelling work for optimizing theeamma device was similar to that for
the single patch device described in Section Eér wideband operation the height of the
top resonant patch to the ground is increased dgkistg polymer rims. The top patch
width is approximated by keeping a constant lerigim equation 3.30. For this stacked
micromachined aperture coupled antenna device gunafiion, the air gaps between the
upper patch element and the substrate (Figure 3va8)chosen to increase the antenna
bandwidth and at the same time to maintain a lafilpr(including fabrication challenges)
for the overall antenna structures. For the miciwded device, the top patch and the
aperture were designed to be in close resonancle wWig microstrip line and the lower
patch was used as the impedance tuning elememiftaband operation. The aperture
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length was chosen to have a close resonance vdattottihe top patch again and the width
was about one tenth of the length. The lengthheffeed line was then varied to obtain
sufficient bandwidth. In order to obtain fixed ldaperformance, the lengths of the top
patch and the aperture were modified to tune timel loh operation. Fine impedance tuning

was achieved by adjusting the dimensions of thetqvatch

Since the SU8 polymer is a lossy microwave matethal shape and dimensions of the SU8
spacer rings were chosen carefully to ensure gotehaa performance. The dimensions of
the SU8 rims were determined to obtain a smallgioot and high gain for the resultant
antenna devices. It was necessary to carry oetrakiterations of the above steps to obtain
an optimized antenna structure for high gain widebaperation.

Table 3.2 Summary of the design parameters fomileeostrip fed micromachined aperture
coupled stacked antenna

Parameter Dimensions
(mm)
Lower patch width 5.8
Lower patch length 9
Upper patch width 9.6
Upper patch length 10.6
Patch thickness 0.009
Slot length 9.8
Slot width 0.98
Microstrip length 15.00
Microstrip width 0.82
Inner length of cavity 19
Inner width of cavity 19
Lower cavity height 2.2
Thickness of polymer rim 1.0
Upper cavity height 0.67
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Table 3.3 Summary of electrical properties of su#tes for microstrip fed micromachined
aperture coupled stacked antenna device.

Substrate Thickness (mm) Dielectric Loss
constant tangent

Arlon substrate 1.51 3.0[122] 0.003
Polyimide film 0.125 3.5[120] 0.0026

3.6.2 Resultsand analysis

3.6.2.1 S parameters and study of the bandwidth
Figure 3.27 shows the results @f 8nd VSWR parameters as a function of frequendye T

impedance parameters are plotted in Figure 3.28.
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Figure 3.27 Simulated reflection coefficient and YSWR parameters for the optimized
microstrip fed micromachined aperture coupled séac&ntenna device
It can be seen from the plot that the reflectioefficient (S3) is lower than -10 dB from
around 7.8 GHz and the VSWR are lower than a vafug The plot also shows that the
reflection coefficient (§) is less than -5 dB from around 7.5 GHz to 12.5zGHat
corresponds to attenuation or a power loss of ~30Phe imaginary part of the input

impedance curve from Figure 3.28 shows that thetaeae switches from capacitive to
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inductive twice indicating a double coupling medsanfor the aperture. The increase in
bandwidth for this stacked micromachined patch rardedevice is primarily due to the
multiple resonance effects that include the ;fivesonances due to both magnetic and
electric coupling (outlined in Section 3.3.1) bef#methe top radiating patch and the
aperture in the ground plane of the antenna devidee wide bandwidth characteristic for
the antenna device has also been explained bytbetklectric and magnetic coupling of
aperture to the top patch element in [19, 125].

Although the antenna structure can be used asiatiragdelement within this frequency
range, it will be shown in the later sections ttiegt gain and directivity of the structure is

below 5 dBi even though the radiation efficiencylmve 95%.
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Figure 3.28 Simulated impedance parameters for ntade, real and imaginary values for
the optimized microstrip fed micromachined aperitwapled stacked antenna device

3.6.2.2 Normalised radiation patterns
Figure 3.29 shows the 2D and 3D far field pattdaonsthe microstrip fed micromachined

stacked patch antenna device. Normalised 3D radigatterns for E plane and H plane
are plotted at different frequencies. A complexplong between the microstrip line and
the radiating patch element through the apertuigsefor this antenna device as presented
in Section 3.3.1. The uncoupled fields to the Ipatement are radiated in the backward

direction and hence the bulges in the radiatiotepaton the backward direction. Figure
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3.30 shows the polar radiation pattern curves ffo®Hz to 12 GHz. The E plane results
show that there is an insignificant side lobe a fiont side at lower frequencies but
increasing with frequency. It is most significattaround 10 GHz. The radiation plots
also show that there is significant back radiatmmfrequencies below 8 GHz and above 10
GHz. The minimum backward radiation for both Englaand H plane is around -12 dB in

relative magnitude within the radiation bandwidth.
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Figure 3.29 (a) 2D radiation patterns in E (x-zapk and H (y-z) plane (b) 3D radiation
patterns at 9.82 GHz for the optimized microsteg micromachined aperture coupled
stacked antenna device
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Figure 3.30 Simulated normalized E and H plane aidn patterns at different frequencies
for the optimized microstrip fed micromachined apes coupled stacked antenna device
It can also be seen that, the backward radiatidgherE plane for the antenna device varies
from O dB at 7 GHz to around -12 dB at 9.5 GHz enudeases again to around -4 dB at 12
GHz. It can be concluded that the microstrip fadramachined aperture coupled stacked
antenna device posses an improved front to badk imtterms of radiation than with a

micromachined aperture coupled single patch device.

3.6.2.3 Directivity and gain
Figure 3.31 shows the variation of directivity, maind efficiency for the microstrip fed

micromachined aperture coupled stacked antenna@evith respect to frequency from 7
GHz to 12 GHz. It can be seen from the plot that gain curve follows the directivity
curve suggesting almost 96% radiation efficiencyhini the radiation bandwidth region.
The gain and efficiency vary from about 2 dBi aGHz to around 7.8 dBi at around 9.5
GHz and falls back below 7 dBi at 12 GHz. The aton of directivity and gain within the
radiation bandwidth is below 1 dBi while it varieggnificantly out of the radiation

bandwidth. The radiation efficiency varies fronoab0.91 to close to 0.96 at 10 GHz.
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Figure 3.31 Simulated gain, directivity and radatiefficiency of the optimized microstrip
fed micromachined aperture coupled stacked antelevéice

3.7 A CPW FED MICROMACHINED APERTURE COUPLED STACKED
ANTENNA DEVICE

3.7.1 Antennadesign and simulation

A CPW feed will reduce the backward radiation for aperture coupled antenna device.
Also the feeding scheme will be easier for integratvith other passive devices. Hence a
CPW fed micromachined aperture coupled stackednaatelevice was designed. The
design follows a methodology similar to that of tmérostrip fed antenna device. The
layout of the CPW feed, aperture and the schenwditibe antenna device are shown in
Figure 3.32. The CPW feed line and the groundeplaron the same side of the microwave
substrate and there is no further ground planehenbbttom side of the substrate The
antenna device was designed for operation in the1D GHz of frequency region with
>40% of bandwidth. The design procedure is sintibain Section 3.5.1. The bandwidth
for the antenna device is to be increased by cogpf the top patch elements possessing
identical dimensions. It was known that a couplofgstacked identical patch elements
produces two separate resonant frequencies onerragld the other lower than that of the
resonant frequencies of the individual elementd.[Zbhus, the aperture and the top two
patches were designed to be in close resonance. bdtiom patch and the/4 stub are
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adjusted to obtain impedance matching operatioh witle bandwidth. The top patch and
the middle patch width are approximated by Equati8r29 and 3.30. For this CPW fed

stacked micromachined aperture coupled antennacelesonfiguration, the top patch

elements and the aperture were designed to b@$e cesonance while the microstrip line

stub and the lower patch was used as the impedamieg element for wideband

operation. Fine impedance tuning was achieveddpysting the dimensions of the lower

patch. Table 3.5 shows a summary of the physicatisions of the structure layers for

CPW antenna device. The thickness, dielectricteohs@nd loss tangent of the substrates

are given in Table 3.6.

Table 3.4 Summary of the design parameters fo€#¥/ fed micromachined aperture
coupled stacked antenna device

Parameter Dimensions
(mm)
Lower patch width 9.4
Lower patch length 18
Upper patch width 12.6
Upper patch length 18
Patch thickness 0.009
Aperture length 16.5
Aperture width 1.6
Microstrip length 18.2
Microstrip width 1.4
Inner length of cavity 18.2
Inner width of cavity 18.2
Lower cavity height 1.0
Thickness of polymer rim 1.0
Upper cavity height 1.0

In this device, three stacked patches were usettitease the bandwidth. A single cladded
PTFE material (Taconic TLY-3-0200-CH/CH) [126] wased as the substrate for the CPW

line and the coupling aperture.
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Table 3.5 Summary of the electrical propertiesutifssrates for CPW fed micromachined
aperture coupled stacked antenna device

Substrate Thickness Dielectric Loss tangent
(mm) constant
Taconic PTFE substrate 0.5 2.2 [126] 0.0009
LCP film 0.10 3.2[71] 0.002
Top patch 7 X

Intermediate patch
Lower patch

Slot in the ground plane

\
LCP filM e

3US Polymer

(@)
(b)

Figure 3.32 Schematic cross-sectional views oftheked CPW fed micromachined
aperture coupled stacked antenna using micromadhgredymer spacers, (a) CPW fed
device. The top view of the apertures and fee$ lon the substrate surface corresponding

to (a) is shown in (b)
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3.7.2 Resultsand discussion

3.7.2.1 S parameters and study of the bandwidth

The stacked patches are suspended symmetricaye dbe aperture using micromachined
SU8 polymer rims. The reflection coefficient{Sand VSWR parameters are plotted as a
function of frequency from 6 — 10.5 GHz as shownFigure 3.33. The impedance
parameters are plotted in Figure 3.34. It can d@ndrom the plot that the reflection
coefficient (Q;) is lower than -10 dB and the VSWR lower than leaf 2 at 6.5 GHz.
The plot also shows that the reflection coeffici€ht) is less than -5 dB from around 6

GHz to 10 GHz that corresponds to attenuationlossof 30% power.
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Figure 3.33 Simulated reflection coefficient and t\SWR parameters for the optimized
CPW fed micromachined aperture coupled stackecdhaiate
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Figure 3.34 Simulated impedance parameters for ntade, real and imaginary values for
the optimized CPW fed micromachined aperture calglacked antenna
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The imaginary part of the input impedance curvenfigéigure 3.34 shows that the reactance
switches from capacitive to inductive twice indingta double coupling mechanism. The

wide bandwidth characteristic for the antenna devdan be explained by the magnetic
coupling of aperture to the top patch element &ednbutual coupling between the patch

elements [25]. The electric field coupling betwélea aperture and the top patch element is
not present as it is seen that the bandwidth redwdeen the middle patch element is

removed. The simulated bandwidth for the anterewice is 3.29 GHz.
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Figure 3.35 (a) 2D radiation patterns in E (x-zapke and H (y-z) plane and (b) 3D
radiation patterns for the optimized CPW fed micagitined aperture coupled stacked
antenna at 8 GHz
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3.7.2.2 Normalised radiation patterns
Figure 3.35 shows the 2D and 3D far field pattemtiie CPW fed micromachined aperture

coupled stacked antenna device. The normalisadti@al patterns for the E plane and H

plane of the 3 D radiation pattern are plottediff¢@nt frequencies.
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Figure 3.36 Simulated normalized E and H plane atidn patterns at different frequencies
for the optimized CPW fed micromachined aperturgpéed stacked antenna device
Figure 3.36 shows the polar radiation pattern cuifvtem 6.5 GHz to 10.5 GHz. The E
plane curve shows that there is no side lobe afrtim side. The radiation plots also show
that there is backward radiation for frequencielwe/ GHz and above 10 GHz. The
minimum backward radiation for both E plane and lenp is around -17 dB within the
radiation bandwidth. It can also be seen thatptekward radiation in the E plane for the
antenna device varies from -12 dB at 6.5 GHz tado-17 dB at 7.5 GHz and increases
again to around -8dB at 10.5 GHz. The variatiothm radiation pattern can be attributed
to the variation in the current distribution on tfagliating patch elements with respect to
frequency due to the electromagnetic coupling betwbe aperture and the radiating patch
elements. From Section 3.3.1, the coupling mechamsscomplex for an aperture coupled
antenna device that involves combination of eleand magnetic coupling with respect to
frequency. The field coupling is thus efficienbdnt 7 GHz to 10 GHz that shows a
backward radiation less than -8dB while it is im@é&nt below 7 GHz and 10 GHz. It can
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also be concluded that the CPW fed micromachinesttaq® coupled stacked antenna
device provides an improved front to back ratieerms of radiation than the microstrip fed

antenna devices.

3.7.3 Effect of different substrate material

In order to determine the effect of spacer matemmaktacked patch antennas, and PTFE
based stacked CPW antenna designs with similarrdiioes as that of the CPW antenna
shown in Figure 3.32, were designed and optimizedrmipedance matched performance.
These two devices consist of 4 layers of FR4 orBPfaterial with three stacked patches.
The dielectric constant and the loss tangent fer KR4 material were taken as 4.2 and
0.020 respectively [54]. Figure 3.37, Figure 38& Figure 3.39 shows the reflection
coefficient, efficiency and gain as a function ot&duency for the three CPW fed
micromachined aperture coupled stacked antennagcoafions. The rapid decrease of
gain above 9 GHz of the FR4 based device is duleetoncreased reflection coefficient as

the frequency is out of the band of operation.

Table 3.6 Summary of the antenna performance paeamor different antenna
configurations

CPW fed antenna design Bandwidth Peak gain Efficiency
(%) (dBi) (%)
Suspended patches on PTFE substrate  38.3 7.8 97.5
Stacked PTFE substrates 30.1 7.9 99
Stacked FR4 substrates 32.7 3.6 75

It can be seen that there is little difference leetwthe gain values of the stacked patch
antenna based on multiplayer PTFE material andi¢hece with suspended patch elements
since the dielectric loss is low in both desightowever, the micromachined device has a
larger bandwidth. The performance of the FR4 baseltilayer antenna is much poor due

to the well known lossy behaviour of the FR4 maiepoeyond the GHz frequency region.

Table 3.7 gives a summary of the performance paemse The bandwidth of the antennas
was determined from the simulation results of tigection characteristics. The antenna

device with suspended patches showed the best ldthdof about 38% close to that
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required for ultra-wide band applications. Thesprdg CPW fed micromachined aperture
coupled antenna device and the stacked taconid lm®enna device are more efficient
than the stacked FR4 or the antenna with FR4 addke substrate. This is due to the
higher substrate dielectric losses because ofittehdielectric and loss tangent values for
the FR4 substrate. The effects of dielectric pridg® on the quality factor and there by the

performance on the patch antenna device are odiiim8ection 2.2.2.
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Figure 3.37 Reflection coefficientgpresults of the CPW fed micromachined aperture
coupled stacked antenna for different substratdigarations
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Figure 3.38 Antenna efficiency results of the CR@rhicromachined aperture coupled
stacked antenna for different substrate configragi
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Figure 3.39 Antenna gain results of the CPW fedeoniachined aperture coupled stacked
antenna for different substrate configurations

3.8 A MICROSTRIP FED MICROMACHINED APERTURE COUPLED SUBARRAY
ANTENNA DEVICE

A microstrip fed micromachined aperture coupled astdy configuration has been
developed to achieve higher antenna gain valuegh®rmicrostrip based planar patch
antenna array configurations with a fewer numbeglefments and smaller array size [127-
129]. This concept can be extended for micromahidevices to achieve efficient
subarray antenna configurations. MicromachiningB has been employed to fabricate
compact, efficient higher gain and bandwidth ansedevice at microwave frequencies. A
microstrip fed stacked patch antenna with a 2 »xulRagay of patches is studied in this

section.

3.8.1 Antennadesign and simulation

The microstrip fed micromachined aperture coupldshsray antenna device was designed

for compactness and enhanced antenna.
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Table 3.7 Summary of the electrical propertiesutifstrates for microstrip fed
micromachined aperture coupled subarray antenna

Substrate Thickness (mm) Dielectric constant Lasgént
Arlon substrate 1.51 3.0[122] 0.003
LCP film 0.1 3.2[71] 0.002

Table 3.8 Summary of the design parameters fomteeostrip fed micromachined aperture
coupled subarray antenna device

Parameter Microstrip fed device (mm)
Lower patch width 7.4
Lower patch length 13
Upper patch width 6.2
Upper patch length 7
Patch thickness 0.009
Aperture length 9
Aperture width 1.02
Microstrip length 20.1
Microstrip width 0.82
Inner length of cavity 23
Inner width of cavity 25
Lower cavity height 1.2
Thickness of polymer rim 1.1
Upper cavity height 1.2
LCP film thickness 0.1
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Figure 3.40 Schematic of the microstrip fed microhiaed aperture coupled subarray
antenna device. The top view of the aperturesfead lines on the substrate surface

corresponding to (a) is shown in (b) &7 mm, L,=6.2 mm, K=7.4 mm, W=13 mm,

Ls=20.1 mm, W=3.3 mm, W=9 mm, Lse=6.8 mm, We=4.6 mm, =26 mm, W28 mm
Figure 3.40 shows the cross-sectional and top \eéwhe device. The design and
modelling work for optimizing the antenna devicesvearried using the principles outlined
in Section 3.5. A microwave PCB material (AD300Arlon MED) was used as the
substrate. The dielectric constants of the LCi,fihe SU8 polymer and the microwave
substrate are 3.5, 4.2 and 3 while the correspgnidiss tangents are 0.0026, 0.042 and
0.003 respectively. The dimensions of the polynmarwere chosen so as to achieve high
efficiency and compact size for the stacked antdnnidne simulation. The device was
expected to operate at the operation frequencyanfeg 10 to 16 GHz with a wide
bandwidth of about 6 GHz. To form a stacked miaohined quad antenna subarray

device, the device consists of a double claddedrowi@mve PCB substrate and five
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suspended patches. The device is fed through eoship and the intermediate patch
element on a thin LCP substrate is excited thrarmghperture in the ground plane. The top
layer consists of four patch elements separatedpbynum distances as shown in Figure
3.40 (b). Micromachined polymer rim spacer formsa#& cavity between the ground and
the intermediate patch layer. A similar micromaeld polymer rim configuration supports
the top subarray patch elements. The top patch thedmiddle patch width are
approximated by Equations 3.29 and 3.30. For @V fed stacked micromachined
aperture coupled antenna device configuration,ttipepatch elements and the aperture
were designed to be in close resonance while tloeostrip line stub and the lower patch
was used as the impedance tuning element for widkbperation. Fine impedance tuning
was achieved by adjusting the dimensions of thestopatch. The aperture length was
chosen to have a close resonance with that ofatehes and the width was about one tenth
of the length. The heights of the air cavitiesavelosen based on a trade-off between the
bandwidth and the challenges for fabrication. TEmgth of the feed line was then varied to
obtain maximum bandwidth. The lengths of the tag@iating patch elements were fixed
owing to the space limitations. In order to obtied band performance, the length of the
aperture and the microstrip line were adjusted uoetthe band of operation. Fine
impedance tuning was achieved by adjusting the miioes of the lower patch. The
dimensions of the SU8 rims were determined to akdasmall footprint and higher antenna
efficiency for the resultant antenna devices. dswecessary to carry out several iterations
of the above steps to obtain an optimized anterinactsre for high gain wideband
operation. Table 3.8 and Table 3.9 show the étattproperties of the substrate and the
design parameters for the microstrip fed micronaethiaperture coupled subarray antenna.

Figure 3.41 shows the electric and magnetic fiétdsthe microstrip fed micromachined
aperture coupled subarray antenna structure atGH2 The fields are plotted in vector
and scalar form. The field plots show that atfilegquency of interest 9.82 GHz which is
the efficient radiating frequency for the antentrcture, the fields satisfies the T
mode at this resonant frequency. The plot alsevshbat on the ground plane, there are
also electric and magnetic fields that correspanthé propagating quasi-TEM (transverse
electromagnetic mode) mode on the microstrip trassion line underneath the ground

plane. The electric and magnetic fields also iatdicthat there is reduced backward

100



radiation that corresponds to these fields andetbgrincreasing the front to back ratio of

the radiation pattern.
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Figure 3.41 Field model showing the scalar (a) gieand (b) magnetic fields for the
microstrip fed micromachined aperture coupled sudgmantenna device at 13 GHz

3.8.2 Resultsand discussion

3.8.2.1 S parameters and study of the bandwidth

To determine the performance of micromachined sapaantenna device, the reflection
coefficient (Q1) and VSWR parameters are plotted to determinelideB bandwidth after
optimising the antenna performance. The reflectioefficient (S1) parameters are plotted

as a function of frequency as shown in Figure 3.42.
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Figure 3.42 Simulated reflection coefficient and ¥\SWR parameters for the optimized
microstrip fed micromachined aperture coupled suéaiantenna
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The impedance parameters are plotted in Figure 3¥4&an be seen from the plot that the
reflection coefficient (§) is lower than -10 dB from around 9.72 GHz to 1613z and the
VSWR is lower than a value of 2. The plot alsovtithat the reflection coefficient {$

is less than -5 dB from around 9.5 GHz to 16.5 Givlt corresponds to attenuation or a
loss of ~ 30% of RF power. The impedance plot shthat the real and total magnitude of
the impedance lies in between 25 to @@nd the imaginary oscillated from capacitive to
inductive and is in between -35 to ZD. The bandwidth for the antenna device is about
6.5 GHz. The lower patch, the top four patchestion as the resonators and the coupling
between all these elements have resulted in aladdwidth device.
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Figure 3.43 Simulated impedance parameters for ntade, real and imaginary values for
the optimized microstrip fed micromachined aperttoapled subarray antenna

3.8.2.2 Normalised radiation patterns
Figure 3.44 shows the 2D and 3D far field pattdansthe microstrip fed micromachined

subarray antenna device. The normalised radipiaierns for the E plane and H plane are
plotted at different frequencies. Figure 3.45 shitlwe polar radiation pattern curves for the
frequency value of 9.5 GHz to 16.5 GHz. The E elamurve shows that there is a
significant side lobe in the front side which i®€set 14.5 GHz increasing with frequency
and maximizes at 16 GHz. The radiation plots alsmw that there is significant backward
radiation for frequencies below 10.5 GHz and abby& GHz. The minimum backward
radiation for both E plane and H plane is arourzidB in relative magnitude within the
radiation bandwidth.
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Figure 3.44 (a) 2D radiation patterns in E (x-zapke and H (y-z) plane and (b) 3D
radiation pattern at 11 GHz for the microstrip fedcromachined aperture coupled
subarray antenna
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Figure 3.45 Simulated normalized E and H plane aidn patterns at different frequencies
for the microstrip fed micromachined aperture cagpsubarray antenna
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It can also be seen from Figure 3.45 that the baottwadiation in the E plane for the
antenna device varies from -8 dB at 9.5 GHz to radoul2dB at 13.5 GHz, and increases
again to around -8 dB at 16.5 GHz. It can be aated that the microstrip fed

micromachined aperture coupled subarray antennmeléas an improved front to back
ratio over a micromachined aperture coupled stacgdnna device. However the side

lobes in forward radiation are increased.

3.8.2.3 Directivity and gain
Figure 3.46 shows the directivity, gain and effindg for the microstrip fed micromachined

subarray antenna device with respect to frequemey 8.5 GHz to 16.5 GHz.
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Figure 3.46 Simulated gain, directivity and radatiefficiency of the microstrip fed
micromachined aperture coupled subarray antennacgev
It can be seen from the plot the gain curve folldkes directivity curve suggesting almost
100 % radiation efficiency within the radiation loavidth region. The gain and efficiency
increases from about ~ 7 dBi at 9.5 GHz to ~ 1BPal 14 GHz and then fall back below
8 dBi beyond 15.5 GHz. The variation of directvaénd gain over the radiation bandwidth
is around 4 dBi. The radiation efficiency is ab01875 for the entire radiation bandwidth.

3.9 SUMMARY

Electromagnetic analysis techniques for micromaathiaperture coupled patch antenna
devices are presented in this chapter. The détalksign and simulation of several

micromachined antenna devices were discussed
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A bandwidth of 2.3 GHz (17%) is obtained for midrgs fed micromachined aperture
coupled patch antenna device. The peak antenmaig&.3 dBi. The antenna radiation
patterns show that there is significant backwadiatson and significant side lobes in the E
plane. The backward radiation pattern for both Ehglane and H plane for the aperture
coupled device is around -8 dB and also increasesfiequency. The effects of different
dimensions of the polymer rim are studied for thargye in bandwidth and the gain of the
antenna device. The gain, directivity and efficienariance is minimal for the dimensions
of 16 mm x16 mm and 20 mm x20 mm while a redudsoobserved for the dimensions of
12 mm x12 mm. A bandwidth of 3.74 GHz (40%) isaned for the microstrip fed
micromachined aperture coupled stacked antennaeleud thus almost doubled with
respect to the non stacked antenna device. Thk @enna gain is 7.8 dBi. The
minimum backward radiation is also decreased fdin Boplane and H plane and is around -
12 dB within the radiation bandwidth. The variarafedirectivity and gain with in the
radiation bandwidth is below 1 dBi while it varieggnificantly out of the radiation
bandwidth.

A bandwidth of 3.29 GHz (39%) is obtained for th®W fed micromachined aperture
coupled stacked antenna device with a peak antgamaof 7.6 dBi. The minimum
backward radiation for both E plane and H planar@ind -17 dB in magnitude within the
radiation bandwidth. It can thus be concluded tha& micromachined aperture coupled
stacked antenna device posses an improved frop&dk ratio in terms of radiation than
with a microstrip fed micromachined aperture codp@tenna device. A CPW feed also
facilitates the easy integration of the antennaicgewith other surface mount passive
devices. For comparison, FR4 and PTFE based st€cR¥/ antenna designs with similar
dimensions as that of the CPW antenna are alsgrassiand optimized for impedance
matched performance. It was seen that theretls diifference between gain values of the
stacked patch antenna based multiplayer PTFE rahtamd the devices with suspended
patch elements since the dielectric loss is low bioth designs. However, the
micromachined device possessed a larger bandwitltle performance of the FR4 based
multilayer antenna is much poor due to the wellandossy behaviour of the FR4 material
beyond the GHz frequency region.

106



Table 3.9 Summary of the antenna parameters fomikeomachined aperture coupled
antenna devices

Micromachined antenna device Bandwidth | Bandwidth Gain
(GH2) (%) (dBi)
Microstrip fed single patch device 2.3 17 8.3
Microstrip fed stacked patch device 3.74 40 7.8
CPW fed aperture stacked patch 3.29 39 7.6
antenna device
Microstrip fed subarray device 6.58 50 11.p

A bandwidth of 6.58 GHz (50%) is obtained for theemostrip fed micromachined aperture
coupled subarray antenna device with a peak antgamaof 11.2 dBi. The minimum
backward radiation for both E plane and H planareaund -12 dB within the bandwidth.
The micromachined sub array antenna device thusepdsetter bandwidth and gain than
the other micromachined antenna devices. The drekvifor this antenna device is
variance of directivity and gain with in the radbat bandwidth of around 4 dBi. The
radiation efficiency varies from about 0.91 to eds 0.99 for all of the micromachined
antenna devices. Table 3.10 summarises the anfemmaaneters for the micromachined

aperture coupled antenna devices.
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CHAPTER 4 FABRICATION AND ASSEMBLY

41 |INTRODUCTION

The design and simulation of micromachined aperttwapled antenna devices was
presented in Chapter 3. This chapter describesdhstruction of the antenna devices
using microfabrication and microassembly method®olymer rims were fabricated to
create air gaps between the patch and the substratder to achieve wide band and high
efficiency antennas. The antenna structures wadrachted in layers and assembled using
the micromachined polymer spacers. Low cost nmaltetike SU8, polyimide film and
LCP substrate were used for the fabrication ofmiiromachined aperture coupled antenna
devices. The feeding and aperture features wérecéded on microwave substrates while
the radiating patch elements were fabricated onptilgimide and LCP substrates. UV
lithography techniques (for SU8) followed by micssambly techniques have been used to

produce the micromachined devices.

4.2 UV PHOTOLITHOGRAPHY

UV photolithography is the process extensively usgdhe manufacture of the electronic
integrated circuits to transfer the physical laypattern from a photomask to a photoresist
layer deposited on the surface of a substrate. phla¢olithographic process involves the
following steps (a) substrate preparation (b) spiating (c) soft bake (d) exposure (e) hard
bake (f) development [94, 130]. The sequenceeagssinvolved will differ with the kind of
photoresist employed, with the end application #&mel various MEMS (Micro Electro

Mechanical Systems) fabrication methods used.

The flow chart in Figure 4.1 shows the sequencesteps that were involved in
photolithographic process. The baked photoretiss fwere exposed through a photomask
which changes the solubility of the photoresistha suitable developer solution. In the
case of positive photoresist, the UV exposed adessolve while the unexposed areas are
retained. In the case of the negative photoresistlJV exposed areas are cross-linked or
hardened while the unexposed areas are dissolx&dr development, the pattern on the

photomask or its negative was produced in the phsist flm. The photolithographic
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process involved ultra thick photoresist layerstaris of microns to millimetres. The

photolithographic processes outlined above areribestin Appendix A2.

Substrate Photor esist = Soft bake

preparation application

S
“

Hard bake 4= ( Development ) é= Exposure

Figure 4.1 Sequence of steps involved in a phbtmitaphic process
4.3 MATERIALSFOR MICROMACHINED ANTENNA DEVICES

431 SU8

SU8 is a negative, epoxy-type, near-UV photoresated on EPON SU8 epoxy resin
(Shell Chemical) that was originally developed gratented (US Patent No. 4882245
(1989)) by IBM [131, 132]. The chemical structwkthe Bisphenol A Novolak epoxy
oligomer, contained in SU8 is shown in Figure 413(]. Eight reactive epoxy
functionalities allow a high degree of cross-lirkkimfter photo-activation. It has an
exposure window in the i-line region of the UV sppem. The SU8 photoresist can be used
to produce films as thick as 2 mm with an aspea raore than 20 using spin coating and
standard contact lithography equipment. Other odglsuch as blade coating and casting
can be used to produce thicker SU8 films. The f0d8mer is a well known as a
micromachining material for MEMS applications.idta low cost material, easy to deposit
in thick films by spin coating or spreading, lowopessing temperature (~110°C) and
chemically inert. A wide range of film thicknessieem microns to millimetres can be
obtained by modifying the composition of the cheahiformulations for film deposition.
The thick film and high aspect ratio capabilitiesvé made the SU8 polymer an ideal
material for the spacer rims for the antenna davicehe RF properties of the SU8 material
are studied recently from 1 GHz to up to 40 GHz.
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Figure 4.2 Chemical structure of the Bisphenol Avdlak epoxy oligomer contained in SU8
formulation. [130]
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4.3.2 Thin film substrates

4.3.2.1 Polyimide film

Polyimide film was used as a substrate materiafdbrication of the patch elements and
the supporting SU8 rim structures for the micronmaeth aperture coupled antenna devices.
The polyimide film used is from DuPont Kapton filmith thickness of 12wm. This low-
cost flexible film has excellent thermal and mecbalproperties for this application [120].
To facilitate the patch fabrication using UV phatubgraphy and SU8 patterning, a large
polyimide sheet was sheared into circular shee®' diameter and then attached onto the
3” glass wafers by gluing it with spin coated AZ682photoresist. Before attachment, both
the polyimide sheets and the glass wafers werenetbausing the cleaning method
introduced previously. The AZ 9260 photoresist wpis1 coated onto the glass wafer with
a spin velocity of 5000 rpm for gluing the polyimigheet onto the glass wafer. After
baking the wafer on a hotplate at 80°C for 20 nesuthe polyimide sheet was attached
onto the glass wafer. The glass wafer providesham@cal support to the polyimide film

for photoresist deposition, exposure and electroifog if required.

4.3.2.2 Liquid Crystal Polymers
Liquid crystal polymers was another thin film carrmaterial for fabrication of the antenna

patch elements and SU8 supporting rim structureshf® micromachined aperture coupled
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antenna devices. This low-cost flexible film hascedlent thermal and mechanical
properties for this application [133].

The unique properties of liquid crystal polymer<CR) arise from their rigid, rod-like
molecules that maintain a crystalline order everthia liquid or melt phase. The first
commercial LCP was a Ivotropic (solution processeolymer from which DuPont was
developed by KevlarB fibre in 1965 [134].

44 OVERVIEW OF ANTENNA FABRICATION AND ASSEMBLY

All of the antenna layers were fabricated with thierofabrication methods. A MEMS

based fabrication process was implemented to olgaétision metal patterns on the
substrates with the aim of reducing metal lossésgditer frequencies. Electrical properties
of the substrate and package materials are criticle design of microwave circuits and
devices. Selection of materials with lower periwitif and loss tangent was essential for

packaging of antenna based systems.

Patch

Thin film
substrate

S

Polymer
spacer
Aperture in the ground

Microstrip feed

Figure 4.3lllustration of the assembly method for fabricatimfia generalised micromachined
antenna device.

The materials used for the fabrication of micromiaeti aperture coupled antenna devices

were chosen such that the antenna devices couddpaly be integrated into a microwave
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system using MMIC (Monolithic Microwave Integraté&lircuits), SMT (Surface Mount
Technology), SIP (System in a Package) and SOPtg®yson a Package) based
approaches. Potentially the MMIC can be insertetheair cavity of the micromachined
aperture coupled antenna devices. Figure 4.3 shbgschematic of the layers for a
micromachined aperture coupled antenna device mithiple patches to illustrate the low
temperature fabrication method. For example, tfeoto produce a microstrip fed aperture
coupled micromachined antenna device, the prodesswas followed. The feeding and
coupling structures were produced on a PCB substuging the conventional PCB
technology or a microfabrication method for deviceguiring high resolution metal lines

and aperture structures.

— )

Copper M Polyimide film B SU8 M Substrate

Figure 4.4 Schematic of the fabrication flow on@growave substrate (b) polyimide film
(c) assembly of the first patch (d) assembly ostdeond patch
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The patch elements and the supporting micromachpedaner structures were fabricated
on thin film polymer substrates. Polyimide anduid crystal polymer thin films were
suitable materials as the substrates for suppottiegpatches. After fabrication of the
patch, the millimetre thick polymer structure farpporting the thin film substrate was
fabricated using a surface micromachining methodettaon UV lithography. An
additional polymer spacer was fabricated on the B@strate in order to produce a larger
air gap between it and the polymer substrate ahotn this case the two spacers should be
matched. The layers of the antenna were theneadigind bonded together to produce a
stacked patch antenna device. Figure 4.4 showsptbeess steps for producing the

micromachined antenna devices presented in Chapter

The micromachined aperture coupled antenna dewdtésed the free-standing patch
elements to achieve high efficiency and improveddvadth and the key process to
achieve this is the assembly of the fabricatedmpelyrims. The fabricated substrate layers
were assembled using a low temperature polymer ibgngrocess to form high
performance antenna devices. This was a new mdtratteating antenna devices with
suspended patch elements. Flip chip assemblyeopdiich onto the microwave substrate
was achieved by bonding the polymer rim on the tpatcthe corresponding one on the
microwave substrate. The bonding process wasechotit manually on a hotplate. Figure
4.4 (c) and (d) illustrates the process stepsd$eembly of a microstrip fed aperture coupled
micromachined antenna device. A thin layer of SJ8elution was applied to the top
surface of the polymer rims as the bonding matéoiabntenna assembly. The polyimide
film supporting the lower patch was attached todhlestrate by bonding of the SU8 rim on
the polyimide film to the corresponding one on blase substrate. Then the polyimide film
with the top patch was attached to the polyimidestate of the lower patch by bonding
the SUS8 rim to the polyimide film. Precision aligant marks on the polyimide films
(transparent) and the base substrate were useatitiiate the accurate alignment of the
layers. The bonding process could be carried aua diotplate or on a flip chip bonder.

Table 4.1 shows the composition of SU8-5 solution.
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Table 4.1 The composition of the SU8-5 photoresist.

Composition Percentage
SU8 resin 60.9%
Gamma-Butyrolactone liquid 21.1%
Photo initiator 6%

The assembly was heated to°G5and maintained at this temperature for 10 minéaes
bonding the two polymer rims together. After paadsembly, an SMA connector was
attached to the microstrip and ground plane on nherowave substrate to obtain an
antenna device for RF characterization. The aslemimcess for the microstrip fed
micromachined aperture coupled stacked antenna@&villustrated in Figure 4.4(c) and
(d). The polyimide film supporting the lower patebas attached to the substrate by
bonding the SU8 rim on the polyimide film to the@sponding one on the base substrate.
Then the polyimide film with the top patch was eltted to the polyimide substrate of the
lower patch by bonding the SU8 rim to the polyimfde. Precision alignment marks on
the polyimide films and the base substrate werd tséacilitate the accurate alignment of
different layers. After the assembly process aoniachined stacked patch antenna device
was obtained. For RF characterization, an SMA eotor was attached to the microstrip
and ground plane on the microwave substrate. Qthieromachined aperture coupled
antenna devices are assembled with the similaregeoas outlined for the microstrip fed

micromachined aperture coupled stacked antennaelevi

45 PHOTOMASK DESIGN

Photomasks were required for UV photolithography foe micromachined aperture
coupled antenna devices. Photomasks were desfgnddbrication of the feeding lines,
apertures on the ground planes, SU8 polymer rirdstlae radiating patch elements for the

all of the micromachined aperture coupled anterevices as described in Chapter 3.
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Ground plane with —
an aperture

Top patch on the Polyimide
carrier

Bottom patch on the <
Polyimide carrier

SU8 rims to support the
radiating patches

!

Microstrip feed line

Figure 4.5 Schematic of the microstrip fed micromaed aperture coupled antenna device
from the top view

In the case of the CPW fed micromachined apertowgpled antenna device, the CPW
feeding line and the ground plane were on the ssiothe of the substrate. This device
reduced the need of an extra mask. Figure 4.5 slhiogvschematic of the microstrip fed
micromachined aperture coupled antenna device frartop view. Figure 4.6 shows the
schematics of the photomask designs for micro$é&gpmicromachined aperture coupled
antenna device. For the SU8 polymer rims, phot&mdsr negative photoresist were
designed. Four photomasks were produced for mrguoked micromachined aperture
coupled antenna devices. The first photomask ocwdahe pattern of the microstrip feed
line. The second photomask contained the pattetheoaperture on the top side of the
base substrate. The third photomask containegudlierns for fabrication of the patch
elements on polyimide substrate. The fourth phatkncontained the patterns for
fabrication of SU8 polymer rims on the polyimidedabase substrate. The photomasks
were designed for microfabrication on 3” glass ailiton wafers using a positive tone

photoresist.
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Figure 4.7 shows the schematics of the photomasiuke for the CPW fed micromachined
stacked antenna device. Four photomasks were rdgsignd produced. The first
photomask contained the patterns of the apertutdghenground on the top side of the base
substrate. The second photomask contained therpstfor fabrication of the patch
element on LCP substrate for the upper layers. thingé photomask contained the patterns
for fabrication of the patch element on LCP sultetfar the lower layer. The fourth
photomask contained the patterns for fabricatio8d8 polymer rims on the LCP and base
substrates. A software package, Tanner L-Edit,wsasl to design the photomasks. L-Edit
comprised of an integrated circuit layout editaattemployed various drawing and editing
tools in order to produce a schematic of the maghk yrecision in nanometres. The
designed photomask patterns were printed ontobilexmylar substrates using a high-
resolution (up to 64,000 dpi) plotter. The transpaareas in the film allowed the UV light
to pass through the photomask, while the non tiaesp (black) areas in the film served as

the UV absorption layer, blocking the UV light.

In L-Edit, each mask layout was drawn in a sepatale To merge different mask layout,
the layout in one cell could be superimposed orthearocell by a process called a cell
instance. To begin the mask drawing process, éf@utt design unit in micron was used.
The mask designs were drawn in units of microns Hetter precision. The boolean
operations such as AND, OR and XOR were employeabtain complex shapes such as
the apertures on the ground plane and the CPWlifezdtc. The masks were drawn in the
positive mode in the case of metallic patternind emnegative mode for the SU8 polymer
rim. The masks were drawn in the positive modgaily and in negative mode using the
boolean operations. The track length and widtthefalignment marks were 1 mm and 500
um respectively. Alignment marks were importanthe photomask design because the
different layers could be built on one substrat®mdifferent substrates and subsequently
assembled to obtain a device. Four alignment magts positioned at the corners of each
photomask. The alignment marks (‘+) were usedtf@ microstrip fed micromachined
aperture coupled antenna device while a negativaore of this symbol was used for the

photomasks for the CPW fed device as shown in Eigur.
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Figure 4.6 Schematic of the photomask designsfoidation of the microstrip fed
micromachined aperture coupled antenna device thighalignment marks. The photomasks
shown are for (a) Microstrip feed line, (b) Groupldne and the aperture (c) Patch element

and (d) Polymer rim
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Figure 4.7 Schematic of the photomask designafoidation of the CPW fed
micromachined aperture coupled stacked antennacdeVihe photomasks shown are for (a)
CPW feed line, ground plane and the aperture (@ patch element and (d) Polymer rim.
The alignment marks used for the CPW design casdlt in better alignment accuracy of
layers during UV exposure and also during the abBemprocess as it was a distinctive
combination of square and (‘+) alignment mark. r Rwinting the mask, the CAD
(computer aided design) was transferred on to amfyiim. The photomasks in L-Edit
were exported to a design file of GDSII format. eTEDSII file was converted into a
Gerber file using the CAD file format conversiorfta@re, LinkCAD. The photomask was

printed by an external photomask supplier, JD Riawols Ltd.

46 FABRICATION

The design dimensions used for the fabricationhef micromachined aperture coupled
antenna devices have been described in Chaptéigdre 4.5 shows the schematic of the
microstrip fed micromachined aperture coupled ametdevice from the top view. From

the schematic it can be seen that the dimensiontheofbase substrate is larger than
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polyimide substrate used for supporting the patement. If the dimensions of the base
substrate were similar in dimensions as that ofpilgimide substrate in order to design
compact antennas, this would result in a reductionantenna efficiency. The
micromachined aperture coupled antenna devices toebe fabricated on a 3 inch wafer
and two devices could fit in single 3 inch waferln order to facilitate the RF
characterisation of the antenna devices afterdaton, care has been taken in the design
for the SMA probes to slide well on to the micrgstor the CPW lines by allowing
adequate spacing from the SU8 polymer rim. Adeguaitrostrip and CPW line widths
have also been designed in order to match theatqmitr of the SMA connector.

4.6.1 Fabrication of microstrip feed and aperture on the base substrate

Commercial microwave substrates Arlon (AD300A) daratonic (TLY-3-0200-CH/CH)
were used as the base substrates for fabricatidheomicromachined aperture coupled
antenna devices. Low-cost sodium silicate (glaagstrates were used as carriers for the
thin film substrates in the fabrication processor he fabrication of the microstrip
structure, one AZ 9260 photoresist layer was useldfar the fabrication of the aperture in
the subsequent processing step, the other one seaksta protect the copper layer on the
other side of the substrate. The copper layer elastrodeposited using ferric chloride
based copper etchant after UV photolithographyhefghotoresist layer. Acetone was then
used to strip away the photoresist layers on biokbssof the substrate. For fabrication of
the aperture, the above process was repeatedth&®PW fed micromachined aperture
coupled stacked antenna device, the CPW feed andybrture were fabricated on the

same side of the Taconic substrate. Figure 4.@slioe schematic of the fabrication steps.
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(a) AD300A, Arlon MED Substrate with copper
cladding

_ b) AZ photoresist spin coating and soft bake

on both sides

(c) Patterning, developing AZ resist and
etching the copper layer for microstrip
feed

coating and soft bake for the aperture. AZ
photoresist spin coated to protect the
reverse side.

I_I (e) Patterning AZ, etching the copper layer and

stripping AZ resist layer

Figure 4.8 Process flow of substrate fabricationtfee microstrip fed micromachined
aperture coupled antenna device

4.6.1.1 Photoresist deposition
The glass wafers and the microwave substrates eleamed to ensure that they were free

of contaminants and moisture. The wafer cleaningcgss was carried out using an
ultrasonic bath (Grant MXB14). The glass wafersemmounted on a wafer holder and
placed in a beaker containing de-ionised water \{ter) mixed with detergent. A
commonly used detergent for wafer cleaning, Decdonvéas used. The concentration of
the detergent liquid was 10 ml/L. The substrateseveleaned in the ultrasonic bath for one
hour at 30°C. After the ultrasonic cleaning, thbstrates were rinsed in DI water for one
hour under the same ultrasonic conditions. Themthfers were taken out from the beaker
and dried using compressed dry nitrogen. The wafere ready for fabrication of the
antenna devices as described in the following @esti After cleaning and drying, both
sides of the substrate were deposited with a pesigirlayer. Deposition of the AZ 9260
[135] photoresist layer onto the seed layer ofraeawafer was carried out as described in
Section 4.2.3. The AZ 9260 photoresist was semsito the ultraviolet light of the
spectrum from 320 nm to 410 nm, so a UV filter was$ necessary. The spin conditions

are summarised in Table 4.4.
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4.6.1.2 Soft bake
Soft bake for the photoresist was carried out drotplate. The hotplate provided a well

controlled temperature and heat distribution toeb#ke photoresist film. The substrate
wafer coated with the photoresist film was placed the hotplate and baked at the
temperature of 80°C for the required duration. $hkent in the photoresist was driven
out from the resist film by thermally activated \sait diffusion and evaporation. The
solvent diffusion rate is a function of the solvenhcentration in the resist and the baking
temperature. After soft bake, the solvent conthimethe photoresist was removed and a
solid photoresist film with a flat surface was pmodd on the substrate wafer. After
deposition, the substrate wafer was left at roamperature for 10 minutes to allow the air
bubbles trapped in the resist film to propagate¢h® surface in order to eliminate the
formation of defects in the photoresist layer aftaking. Also, AZ 9260 required a certain
amount of water for the photochemical reaction aket place during the UV exposure
process. Therefore an adequate delay of the U\dsexp was necessary for the wafer to
cool down to the room temperature and to allowrthbydration of the photoresist. The
wafer was kept in the standard clean room environiratter soft bake to allow the resist to

absorb enough water from the air.

4.6.1.3 UV exposure
After the spin coating, relaxing and soft bakirtg photoresist film on the substrate wafer

was exposed to UV light through a photomask tosfiemthe patterns of microstrip feed
and the aperture from the photomask into the pbeistr film. The UV exposure of the
photoresist film was carried out on a UV mask aig(Mask Alignment and Collimated
UV Exposure System, Model 152, Tamarack Scientf@ Inc) as outlined in Section
4.2.5. The polyester photomask with the patterthefmicrostrip feed line structures were
placed on the photomask holder with its film sideifig the wafer. The photomask was
held in place by turning on the vacuum at the pimatsk holder. The mask aligner had a

built-in UV intensity sensor and a timer for colirgy the exposure dose.

4.6.1.4 Development and copper etch
Post exposure bake was not required for the AZ 9@B6toresist. The photoresist

development was a process in which the photoresiselectively removed, wherein the
selection came from the UV exposure. AZ 400K (AlBctonic materials, Clariant

Corporation) was the developer for the developnoérine exposed AZ 9260 photoresist
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film. It was diluted using de-ionised water (1:®8) make up the developer solution.

Careful control was necessary to ensure a welhddfmicrostrip line.
| _

(b)

Figure 4.9 Optical images of (a) a feeding micrgstand (b) a coupling aperture on a
substrate after fabrication for the microstrip fedcromachined aperture coupled antenna
device

The substrate wafer with the photoresist film wamersed into the developer solution in a
petri dish. The dish was shaken gently by hanith¢cease the rate of development. The
development was monitored by visual inspectionroadZYGO interferometer. After the
photoresist development and removal, the subsirater was removed from the petri dish,
rinsed with de-ionised water and blown dry with guessed nitrogen gas. The exposed
copper was etched in a ferric chloride based egcbath as described in Section 4.2.7. The
remaining photoresist layer was then removed byensing the substrate in acetone. For
alignment of the microstrip to the aperture to bbricated on the opposite side of the
substrate in the subsequent fabrication processjson holes were drilled at the corners
of the substrate using a mechanical drilling methdten both sides of the substrate were
coated with a photoresist layer for fabricatiorthe coupling aperture and protection of the
microstrip line. The same photoresist patternind anetal etching processes as for the
microstrip were repeated to obtain the apertur¢henground plane. The process flow of
substrate fabrication for the microstrip fed antemtevice is summarized in Figure 4.8.
Figure 4.9 shows the images of the fabricated mtdmline and aperture on the substrate
for the microstrip fed micromachined aperture cedmntenna device.
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4.6.1.5 Optimisation of photolithographic paramstésr AZ 9260 photoresist
The patterned photoresist film worked as a moutdefectroforming and etching processes

in order to obtain conductor patterns for the nstiip fed micromachined aperture coupled
antenna device. The parameters of soft bake, expddV energy dose and developing

time were closely interrelated to determine thdityuaf the photoresist film [135, 136].

Exposure UV Light

L

photomask photomask

L
exposure with
[‘(“ air gap
AWNENIAS
%4 N

perfect
>
contact

ntensity

UV light i

position

Figure 4.10 Optical diffraction patterns by varioagposure situations reproduced from
[136]

Various defects rose in the photoresist film due inappropriate photolithographic
parameters and hence the electroformed or etchedllimestructures deviated from the
original design. Therefore optimisation of the fgtithographic parameters was crucial for
obtaining better photoresist films for electropigti or etching purposes. The
manufacturer’s guide of AZ 9260 did not give anpleit photolithographic parameters for
processing the AZ 9260 photoresist films of ~u10 of thickness. They were determined
and optimised through experimentation. For filntkhess of 1Qum, soft baking at 80°C
for less than 3 minutes was inadequate. Fully s#gAZ 9260 photoresist released large
volume of nitrogen gas in the photochemical reactitdeally it diffused through the resist
to the film surface without forming bubbles. Howewn the case of rich solvent remaining
in the photoresist film, the nitrogen gas generakadng exposure was trapped in the film
to form bubbles inside the film. Bubbles formedhed interface of the photoresist film and
the substrate reduced the adhesion of the filnihéosubstrate. The trapped bubbles also
changed stress distribution in the photoresist &ilmd hence caused cracks in the film. Soft
baked time was increased in steps of 2 minutesikgahe exposure and development
times constant at 500 mJ/¢mnd 2.5 minutes. It was found that a soft bakéogeof 10
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minutes at 80°C for the film thickness ofuénh gives better features after exposure and

development and to reduce cracking in the AZ fifteraexposure.

Table 4.2 Optimisation of photolithographic paraerstfor AZ 9260 photoresist

Insufficient Excessive
Soft bake Mask contamination Excessive development after
Air bubbles creation exposure

Photoresist film delamination after Broaden pattern due to the

hard bake radiation profile
Exposure Excessive resist development gftexcessive stresses and possiple
hard bake delamination during
Broadened pattern due to development.

excessive radiation intensity

Development Photoresist residues Over development and rough

Metal delamination sidewalls

[®X

Delamination of the develope

structures

UV dose parameters of 400 mJfcmecommended by the data sheet of the AZ 9260
photoresist were used initially and were found todpce undeveloped feature after
development. The strategy to find the appropridié energy dose for exposure was
similar to that for bake time optimisation. Thesulant photoresist structures were
inspected under the optical microscope to deterniinéhe exposure intensity was
insufficient or excessive. The UV energy dose thas increased or decreased accordingly
in the subsequent photolithographic experimentsl amt optimised value was found.
Insufficient exposure resulted in excessive devatppgime and slanted side walls. The
cross-sectional schematic in Figure 4.10 showsrttensity distribution of the UV light
through an aperture of a photomask in the photsirébn. The UV intensity at the bottom
of the resist film was lower than the intensity mé# surface due to the absorption and
diffraction of the UV light by the photoresist. \&fnthe exposure time was insufficient, the
photoresist near the bottom of the film was undblabsorb enough UV energy dose to
complete the full photochemical reaction. The expe parameters are optimised first

starting with initial 3 minutes soft bake and 2.bates development and then the soft bake
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parameters are optimised. An optimised value féredposure of 500 mJ/chis found to
be adequate for the microstrip feed and apertuaifes. Table 4.2 shows the optimised

photolithographic parameters for AZ 9260 phototesis

4.6.2 Fabrication of patch elementson thin film substrates

Polyimide and LCP films were used as thin subsdrédefabricating patch elements for the
micromachined aperture coupled antenna deviceshé\polyimide film substrates did not
have a copper cladding layer, a copper foil of 9 pinthickness from Taconic was
laminated on the substrate for patch fabricatidelectroplating technique was used to
fabricate the patch on a polyimide substrate of u2% (Dupont) of thickness for the
microstrip fed micromachined aperture coupled amedevice. For the other antenna
devices, the etching method after photoresist patig was used. Figure 4.11 shows the
process flow for fabrication of the patch elemearsa thin film substrate sing the etching

approach.

(a) Polyimide or LCP (thin film) substrate

(b) Attaching the copper film and glass
substrate to the thin film substrate

(c) AZ photoresist spin coating and soft bake

(d) Patterning AZ resist, etching the copper
layer and stripping the AZ resist

(e) After removal of glass substrate

Figure 4.11 Fabrication flow for the suspended pattements for the micromachined
aperture coupled antenna devices
After deposition of thin layers of titanium and p@p on the polyimide substrate using the
electron beam deposition method as described idBet.2.4.1, a layer of photoresist film
was deposited on the substrate using the same gsra® described previously. The
photoresist material was spin coated on the thim $ubstrates directly without the electron

beam deposition for the etching based fabricatiethod. The photoresist layer was then
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patterned to expose the area of the copper filnpédch fabrication. In order to produce a
film of thickness of about 8 um for the patch, &ieglating was carried out in a copper
plating bath by using a current density of 1 Afdior the microstrip fed micromachined
aperture coupled antenna device. The photorekist tvere then removed for fabrication
of the polymer supporting rim. Several patches lmarfiabricated on a polymer film. The

alignment marks were fabricated at the same timbaidor the patches.

4.6.3 Fabrication of micromachined spacers

In order to obtain SU8 rims on the base and thin $ubstrates, surface micromachining of
the SUS8 film by photolithography was carried outhe millimetre thick polymer spacer
rims were fabricated on the thin film substrategrapatch fabrication using the polymer
surface machining method. Polymer micromachinengyrocess where high aspect ratio
polymer structures are fabricated out of a thick/per film on a substrate was utilized for
fabricating the SU8 polymer rims. Photo-imageaBlg8 epoxy polymer was used to
produce the polymer structures on the substraterdafpr constructing the microstrip fed
micromachined aperture coupled antenna devicearder to create a large air gap between
the microwave substrate and the suspended patete @bfmr the microstrip fed devices, a
pair of matching spacer rims were fabricated, omesach of the microwave and the film
substrate respectively. Fabrication of the milliraethick SU8 spacer rims on the rigid
Arlon MED and Taconic substrates were found to lm@enthallenging than the thin film
substrates and thus an optimized process for aéifhf was developed. Delamination of
the SU8 spacer rims from the substrate could oaftar the fabrication process due to the
higher interfacial stress built up in the bakingpgess prior to photolithography. The
increased stress was caused by the larger CTE naisrbatween the SU8 layer and the

rigid microwave PCB substrate than the film sulistra

Table 4.3 Composition of the SU8-100 solution.

Composition Per centage
SuU8 resin 72.9%
Gamma-butyrolactone liquid 21.1%
Photoinitiator 6%
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(@) Polyimide substrate with patch and
alass substrate attached for support

(b) SUB8-100 photoresist spin coating and
soft bake

(c) SU8-100 patterning and development
for the rectanqular rim

i B

-

(d) After removal of the glass substrate

Figure 4.12 Fabrication flow for the SU8 polymemrfor the microstrip fed micromachined
aperture coupled antenna device

However this problem was solved by careful contriothe temperature profile in the soft
baking process, a smooth temperature profile in hlbating and cooling processes is
required [137]. The SU-100 polymer solution waspared in house in order to fabricate
millimetre thick polymer spacers. The composit@nthe solution is given in Table 4.3.
The dimensions and fabrication parameters for tolynper rims for various antenna
designs are outlined in Table 4.4 and Table 4.5urE 4.12 shows the process flow for
fabrication of SU8 spacer rims on the substraterayor antenna assembly. The required
spacer thickness for each antenna layer was obtaineontrolling the spin speed and time
in the deposition of the SU8 layer. The thin filmbase substrate was cleaned prior to the
application of the photoresist by placing the spignchunk at 4000 rpm. Acetone was
applied to the substrate first followed by Isopmopla The process was repeated if any

visible particles were found on the wafer.

4.6.3.1 Spin coating
Spin coating of the thick photoresist layer was eddry applying SU8 on to the base

substrate or thin film substrate using a normaleft at ambient temperature.
Approximately an amount of 12-15 mL of SU8-100 wigspensed on to the centre of the
substrate or thin film for uniform coating. Thebstrate or thin film was spun at different
spin velocities and ramp (acceleration) rates. Water was spun at 70 rpm, 30 r/s, 20 s for

the initial spin cycle. The spread cycle paranseterd the smoothing cycle parameters are
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given in Table 4.4 and Table 4.5 in order to achiearious thicknesses for various
micromachined aperture coupled antenna devic&ry bubbles larger than ~2 mm of
diameter were removed using tip of a spatula. ddge bead on the wafer was removed by
using the outer edge of the pipette. This waseseul by resting the pipette’s outer edge on
the edge of the wafer and manually rotating theewah the spin chuck. The wafer was
then removed from the spin chuck and the SU8 phststrallowed to planarize on a level

surface for 30 minutes to 1 hour.

4.6.3.2 Prebake

After the application of the photoresist for thergmse of soft baking of the SU8
photoresist, an initial temperature of°65was used for 5 minutes and then ramped up to
95°C linearly in 5 minutes. Thereafter the tempemtoi the hot plate was maintained at
95°C. The duration for various thicknesses is provide Table 4.4 and Table 4.5. It is
important that at which the actual temperaturéheftiot plate was set to, as a slight change
in temperature or baking time could cause a huderdnce in the behaviour of the
photoresist film. Figure 4.13 shows the tempegafupfile in the prebake process for SU8

films.

prebake plot

Temperature in celcius
I
(o]

o 5 10 15 20 25 30 35 40 45 &0

Time{min)

Figure 4.13 Temperature verses time plot for thebpke process for SU8 wafer.

The tilting angle for the wafer to be baked wabeaconsidered in order to achieve uniform
film thickness. A small tilting angle from the lmwntal plane could introduce a significant
difference of thickness at different ends of a weade depicted in Figure 4.14. The

difference in height between the two polymer rindenan be given by
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AH = asin(6) (4.1)
For example ifeequal to 0.2%and for a polymer rim of dimensions 20 mm x 20 niime,

difference in height would be around gih. It has been found that this variation in height
would not affect the performance of the antennéoperance. The 0.2%f tilt was within

the sensitivity limit of a spirit based levellingdl used for the hotplates.

7 Substrate _Wﬂ: Ah

Figure 4.14 lllustration of tilted wafer and unev8t/8 photoresist

4.6.3.3 UV exposure
After soft baking, the film was exposed to thenieli(365 nm) of the UV source on a mask

aligner using the photomask with the patterns efdpacer rims. The process was outlined
in section 4.2.4.4. Higher absorbance was seeshatter wavelengths than at longer
wavelengths when the UV absorption spectrum ofuthexposed SU8 resist was observed
with a spectrometer. The change in absorbance\bflight during exposure was also
observed to increase at shorter wavelengths. difgel wavelength components of the UV
radiation source penetrated further down and exptse bottom part of an SU8 film. For
this reason, a UV filter was used to cut out tlghtlibelow 365nm of wavelength during

exposure.

4.6.3.4 Post bake and development
After exposure the wafer was baked at@5n the hot plateThe SUS8 layer was developed

in the EC (Microchem Inc) solvent to remove the xpwsed SU8 during the
photolithographic exposure. Mild agitation prowddby a magnetic stirrer was used to
reduce the development time and improve the qualitthe resultant SU8 structures as
described in Section 4.2.6. The details of the pake process are shown in Table 4.4 and
Table 4.5.
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Table 4.4 Processing steps and parameters foréabdn of AZ 9260 films for copper
patterning and SU8 polymer rim for the micromachlimgerture coupled antenna devices

AZ 9260 SuU8-100
(@)
Initial spin: 70 rpm, 30 r/s, 20 Initial spin: 70 rpm, 30 r/s,
sec 20 sec
Spread: 1000 rpm, 200 r/s, 20Spread: 1000 rpm, 200 r/s| 5
sec sec
Spin Coating Smoothing: 2500 rpm, 400| Smoothing: 650 rpm, 2000
r/s, 20 sec r/s, 45 sec
Delay 5 minutes 5 minutes
Soft bake 10 minutes at &0 65°C for 5 minutes and %
for 5 hr and 45 min
Delay 45 minutes 1 hour
Exposure dose 500 mJ/gm 2800 mJ/crh
Post bake - 6% for 2.5 minutes
Development 2.5 minutes ~ 15 minutes in stirrinthba
Film thickness ~10 um ~ 750 pm
Copper etching time 1 minute -

Table 4.5 Processing steps and parameters for dabdn of SU8 polymer rims for the
micromachined aperture coupled antenna devices

SuU8-100 SuU8-100 SuU8-100 SuU8-100
(b) ©) (d) (e
Initial spin: 70 rpm| Initial spin: 70 rpm,|  Initial spin: 70 Irmrtrgal?’%p'r?s' 7200
30 r/s, 20 sec 30r/s, 20 sec | rpm, 30 r/s, 40 sec pm, sec ’
Spread: 500 rpm, Spread: 500 rpm, 1¢ Spread: 500 rpm, Spread: 500 rpm|
100r/s, 5 sec r's, 5 sec 100r/s, 5 sec 100r/s, 5 sec

Smoothing: 715/ Smoothing: 450

Spin Coating - -
Smoothing: 500 | Smoothing: 465 rpm, rpm, 100 /s, 60| rpm, 100 r/s, 5

rpm, 100 r/s, 50 sec 100 r/s, 50 sec

sec sec
Delay 5 minutes 5 minutes 5 minutes 5 minutes
65°C for 5

65°C for 5 minuteg 65°C for 5 minutes 65°C for 5 )
minutes and

Soft bake and 95C fqr 6 hr| and 98(_: for 6 hr 15| minutes and 953 95°C for 6 hr 45
and 15 minutes minutes for 5 hr 45 min

minutes
Delay 1 hour 1 hour 1 hour 1 hour
Exposure dose 3000 mJ/crh 3200 mJ/crh 2800 mJ/crh 3300 mJ/crh
65°C for 3.5 . 65°C for 2.5 65°C for 5
Post bake minutes 65°C for 4 minutes minutes - minutes -
Development| ~ 30 minutes in ~ 30 minutes in ~ 30 minutes in| ~ 30 minutes in
P stirring bath stirring bath stirring bath stirring bath
Film thickness ~ 1000 pm ~ 1150 pm ~ 680 um ~ 1200 pm

130



4.6.3.5 Optimisation of parameters for SU8 photistes
Soft-baking time, exposure dose, post exposure laakkethe development time are the

major contributors to the internal film stress 086, 30%, 15% and 5% respectively [138].
Solvent removal in the soft baking process in ganérad to volume shrinking and
mechanical stress within the photoresist films.

40HM 3.0KU oo 03e

Figure 4.15 lllustration of SU8 layer peel off frdire substrate due to excessive stresses
during prebake.

The accumulated stress increased with increasimgtfiickness and dimensions and when
the stress reached a critical point, and thendbistrlayer would peel off from the substrate
wafer and in some cases complete delamination amddr due to weaker adhesion. There
is a trade off between the soft bake time and thelity of the features for the SU8
photoresist. In general, the soft-baking time deieed the final solvent content of the
resist. Short soft-baking interval would leaveodt photoresist layer with some residual
solvents that is less prone to internal stresghi®@remaining processing steps. On the other
hand, high residual solvent during soft bake preduextra air bubbles during post-
exposure baking resulting in the collapse of SU8ures after development due to lower
mechanical stability at the bottom of the film aault of the soft photoresist at the bottom
[139]. If the photoresist was over baked and hardss-linking in the irradiated/exposed
areas would be hindered. As a result, an optimoftabsking time was to be optimized for
each particular photoresist / thickness and appdica Figure 4.15 illustrates the SUS8 layer
peel off from the substrate due to excessive sisedsring prebake.
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Dissolved cornersdueto over-developing

Photoresist Photoresist
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Figure 4.16 lllustration of the excessive developnme the SU8 photoresist film

Figure 4.17 Photograph of a excessively developdl ®lymer side wall

In the case of spin coated SU8 photoresist layergpdo 2 mm of thickness, the solvent
content varied from 10.4% at the top to 5.4% atlib#gom of the photoresist film [130].

The solvent evaporated quickly at the beginninthefsoft baking because of the very high
solvent concentration and less at the bottom reguih delamination of the developed
structures. If the wafer was baked at slightlyhleig temperature or for higher time
intervals, then the solvents in the photoresist ldioevaporate completely making it

unusable. On the other side if it was baked atltowmperatures or for shorter intervals of
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time, then the photoresist would not be hard endadye applicable for exposure. Finally,
optimum development time was crucial for obtainioetter side walls and SUS8 films
without over development that would result in peland reduced bond strength with the
substrate. Figure 4.16 and Figure 4.17 illustrhtedxcessive development process in the

SU8 photoresist film and a photograph of an exeegsdeveloped SU8 polymer side wall.

47 ANTENNA ASSEMBLY

The packaging method employed to assemble the maxbined aperture coupled antenna
devices is illustrated in Section 4.4. The micromaed aperture coupled antenna devices
utilised the free-standing patch elements to aehiévgh efficiency and improved
bandwidth. Figure 4.18 shows optical images ofrastrip fed micromachined aperture

coupled antenna device using the assembly procefaseal in Section 4.4.

e =

(@ (b)

Figure 4.18 (a) Photograph of the fabricated midrgsfed micromachined aperture
coupled antenna device after assembly. (b) Phatplgof the back side of the fabricated
antenna
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) (b

Figure 4.19 (a) Optical picture of the front sideaofabricated antenna (b) Optical picture
of the reverse side of the antenna

Figure 4.20 (a) Photograph of a fabricated CPW larel aperture on the PTFE substrate,
(b) Optical picture of a patch and a SU8 polymen on a LCP substrate and (c) Optical
picture of an assembled device after stacking tpegeh layers on the PTFE base substrate

The most critical parameters determining the qualit the bonding were the thickness

uniformity of the SU8 rims, the amount of SU8-1@Jusion applied to the surface of the
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SU8 rims and the bonding pressure and temperatus&l8 rims with good surface
uniformity could be obtained using an optimizedriedstion process. The amount of SU8-
100 liquid for bonding was determined by minimizwmgid formation and at the same time
reducing the overflow of the material during borgdinA good bonding temperature was
65°C which was just above the glass transition tentpeeg64C) of the SU8 material but
not high enough to cause significant overflow as\tlscosity changed rapidly around the
glass temperature [140]. Figure 4.19 shows opticehges of microstrip fed

micromachined aperture coupled stacked antennaelaith three stacked patch elements.

(©

Figure 4.21 (a) Photograph of the microstrip feccromachined aperture coupled stacked
qguad antenna after assembly. (b) Photograph ofdiver patch element on LCP film and
(c) Photograph of the upper quad array patch elenoenLCP film

Figure 4.20 shows optical pictures of the CPW fetkana device with three stacked patch

elements. Figure 4.20 (a) shows the CPW line &edcbupling aperture fabricated on
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PTFE substrate prior to the assembly of the patckagure 4.20 (b) shows a picture of the
bottom patch and a SU8 polymer rim on a LCP sutestr@dhe opening of 15 mm in length
in the SU8 rim was used to facilitate the attachntgran SMA connector to the ground
and the CPW line on the base substrate for RF cteization. Figure 4.20 (c) shows the
assembled device after stacking three patch layethe PTFE base substrate. The metal
patch elements were fabricated on the lower surfaicéhe LCP substrate for better
protection. Figure 4.21 shows optical images ofrostrip fed micromachined aperture

coupled stacked quad antenna device.

48 SUMMARY

Micro-fabrication and micro-assembly methods haeerb developed to fabricate high
performance MEMS based antenna devices. The amtsinactures were fabricated in
layers and assembled using micromachined polynsresp. Low cost materials like SUS8,
polyimide film, LCP substrate were employed for flabrication of the micromachined
aperture coupled antenna devices. The feedin@peadure features were fabricated on the
microwave substrates while the radiating patch etgmfabricated on the polyimide and
LCP substrates. A UV lithography technique wasettgyed with a positive photoresist
(AZ 9260) for obtaining better conductor patternghwelectrodeposition and etching
techniques. Polymer rims were used to obtain auities between the patch and the
substrate for high gain operation. The therma&sstidue to the CTE (coefficient of thermal
expansion) mismatch between the SUS8 polymer rin e substrate materials was
minimised in the fabrication process using optidipeebake and post bake parameters in
order to eliminate the delamination of the SUS8 ctiees from the substrates. The
fabricated substrate layers were assembled usihgwvatemperature polymer bonding
process to form high performance antenna deviceeecision alignment marks on the
polyimide films (transparent) and the base sulestregre used to facilitate the accurate
alignment of the layers. After antenna assembMASonnectors were attached to the
conductor lines in the microwave substrates to inbtantenna devices for RF
characterization. The use of low cost polymer davity construction had a significant
advantage over the micromachined silicon in praayenillimetre scale air gaps for high

gain operation.
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CHAPTER 5 MICROWAVE MEASUREMENTSAND
CHARACTERISATION

After the fabrication and assembly of the micromaetd antenna devices, microwave
characterisation of the devices is carried outgisimetwork analyser for reflection and
radiation measurements. Transmission measuremesTes conducted to determine the
antenna gain and radiation pattern for the antelavéices. Radiation measurements that
include antenna gain and radiation pattern wergethout in an anechoic chamber using
the far field method. The reflection coefficiembpedance and the radiation characteristics

are presented followed by discussion and compan$time devices.

51 THEEXPERIMENTAL METHOD

5.1.1 Reference plane and calibration method

5.1.1.1 Reference plane

The reflection and transmission characteristicefantenna devices were measured using
a HP 8510B network analyser for obtaining varionseana parameters. The network
analyser is described in Appendix A3. For microevaveasurements, the travelling waves
or the voltage ratios are a function of positiontlo@ transmission lines. Any change in the
cross-section of the transmission line will giveerito a reflection and the generation of
evanescent modes. It is therefore necessary ableeo specify a reference plane which is

appropriately at a sufficient length of uniformrtsmission line.

5.1.1.2 TRL calibration
The accuracy of a microwave measurement systemeatlg influenced by the components

of the measurement setup, such as coaxial caba, ®nnectors and coplanar probes.
Calibration is an error correction procedure to aeen the parasitic effects of the
components of the measurement setup. The frequeange of the microwave
measurement was set appropriately with sufficiemds outside the simulation results. A
TRL calibration is employed for both one port ama tport calibrations by following the
instructions displayed on the screen of the netwamklyser. One port calibration is
sufficient for the $ measurements but two port calibration is necesgaryradiation
measurements [141]. A total of ten measurememrtsrade to quantify eight unknowns in

three steps for the two port calibration. The tthstep consists of the test ports connected
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together directly (zero length thru) or with a ghiength of transmission line (hon zero
length thru) and the transmission frequency respamsl port match are measured in both
directions by measuring all four S-parameters. Th#lect” step consists of open and/or
short circuits connected to each test port and aredqS: and S,). The line step consists
of a short transmission line (different in lengtbrh thru) inserted between port 1 and port
2 and the frequency response and port match arsumezhin both directions by measuring
all four S parameters. After the above stepscHidration is completed and the network
analyser computes the errors associated with thenemtors, cables and the probes
according to the measured characteristics of thmeettstandards. In the subsequent

measurements, these errors will be automaticathoxed from the measurement results.

5.1.1.3 The SMA connector
The interface dimensions for SMA connectors aredisn MIL-STD 384A. The SMA

connector is widely used in many applications ferdost-effective feature; however it is
not suitable for precision metrology. It is a s@recision connector that has limitations
with the solid plastic dielectric and potential dage to the plug pin. The SMA connector
is widely used for characterizing the microwave ides but not suitable for repeated
connections [141]. Destructive interference magulteif the contacts protrude beyond the
outer conductor mating planes and so care shoulthken while connecting the SMA

connectors.

5.2 ANTENNA RADIATION MEASUREMENTS

Antenna measurements and testing methods haveevebénng for many years. Antenna
anechoic chambers have been developed for the geigdoneasuring the radiation patterns

of antennas independent of their operational envient.

5.2.1 Anechoic chambers

There are two basic types of anechoic chambersettiangular and the tapered designs. A
rectangular anechoic chamber is usually designesinmilate free-space conditions. In
order to reduce the reflected energy level, higaligu absorbing material is used on
surfaces which would otherwise reflect energy diyetowards the test region as shown in
Figure 5.1. The actual width and height requirepathd on the magnitude of the errors

(due to reflections) that can be tolerated andctheracteristics of the absorbing material
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used to line the walls. Additionally the room widand the size of the source antenna
should be chosen such that no part of the main débllee source antenna is incident upon

the sidewalls, ceiling, and floor.

RF absorber

Source
b antenna

Test antenna

B
»

Model tower

Positioner

Figure 5.1 A typical rectangular anechoic chamb&41]

5.2.2 Far fiedld measurements

The far field approach is the simplest method fecteically small antennas since it does
require a large separator between the transmidtimtjreceiving antennas. The dimensions
of the micromachined antenna devices are relatiselgll; the separation distance for the
far field measurements can be set between 1 tot@smePatterns are obtained in 2D at a
time and there is no need to measure the phasehedsther hand, the far field pattern and
other data such as gain and directivity are obthireadily without much computer

processing. The limitations of this method ard thhas a limited angular coverage (with

accuracy) and the method is subject to environnheotaditions such as temperature and

humidity. The three most widely used techniquethenfar field test method are

» Elevated range
= Ground reflection range

= Compact range
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The compact range measurement technique was usétefoadiation measurement of the
micromachined antenna devices. A three antenmargaasurement method was used for
the microstrip fed micromachined aperture coupler@na device in order to validate the
gain of the standard gain horn antennas used amg&sure the gain of the antenna device
in E and H plane. The gain transfer method was trseneasure the antenna gain at bore
sight for the rest of the micromachined antennacgsv Radiation pattern measurements in
the E and H plane are performed by measuring theg&ameters between the 20 dBi

Flann™ standard gain antenna and the AUT with the setopshin Figure 5.2.

5.2.2.1 Three antenna gain measurement method
The far field measurement for antenna charact@isas based on the Friis transmission

formula, which states that for a two-antenna syséanshown in Figure 5.2, the power

received at a matched load connected to the rexgeantenna is given by [142, 143]

1 2
P = POGAGB[RJ (5.1)

whereP; is the power received, is the input power of the transmitting anten@a,is the
power gain of the transmitting antenna, &ylis the power gain of the receiving antenna
[144]. A is the wavelength at which the gain is measuredRais the distance between the
transmitting and receiving antennas. This formtled transmission formula implicitly
assumes that the antennas are polarization match#tkir prescribed orientations and that
the separation between the antennas is such wéaittiield conditions are met. The Friis
transmission formula can be written in logarithddom, from which the sum of the gains,
in decibels, of the two antennas can be written as

(Ga)ys +(Gg) s = 20Iog($j —10I09[%J (5.2)

]

In order to determine the power gain of the antentize parameters R and and 10 log
Po/P;, are measured first and thenalgs is computed. This method is referred to as the
two-antenna method because of the use of two clrdantennas. However if antennas A
and B are not identical type, it requires a thirdeana to determine the gain. Antenna
types vary with the physical structure and elecagnetic design that include monopole,
dipole, reflector, horn, yagi, slot and patch anten[142, 143]. In the case where three
antennas are used, three sets of measurementerdoer@d using all combinations of

three antennas [145, 146]. The result is a s&#tree simultaneous equations as follows.
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(GA)dB+(eB)dB=zo|og($j—1olog(%j 53)
(GA)dB + (Gc )dB = ZOIOQ(?j _10|09(%) (5.4

(GB )dB + (Gc )dB = ZOIOQ(?j _10|09(%) (5.5)

AUT Fixture

a— ﬂj‘

20dBi aain horn anten

Rotating
table

RF cable

VNA

Port 1 Port 2

Figure 5.2 Schematic showing the far field set up

From these equations the gains of all of the tlaetennas can be determined. The
instrumentation layout shown in Figure 5.2 can sedufor the measurement of gain using
the two-antenna or three-antenna methods. Caliloratidjustments are made to the
coupling network between the source and the tratisgiantenna, so that the power
measured at the transmit test point and the poeerirfto antenna A can be accurately
related. The two antennas are arranged in a bgiéed configuration so that they are
properly aligned and oriented. For the three amemethod, a FladM standard gain

antenna of 20 dBi gain was used as the gain stdndanother standard gain antenna
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(Microwave Instruments Limited) of gain of 15 dBiaw used as another standard gain
antenna. A full two port calibration was carriadat to shift the calibration reference plane
to the ends of the connectors that fed the AUTefama under test) and the standard gain
horns. The § readings for the configurations AB, AC and BC weaken from 0to 18¢

in steps of 8for the E and H planes. The data was transféoresh excel sheet where the
absolute & values are substituted for thg &d R for equations (5.3) — (5.5). These

equations are solved to obtain the gain of the AUT.

5.2.2.2 Gain-transfer method
In the gain-transfer method, comparison of a tederma and that of a standard gain

antenna is performed in order to measure the unkrmwer gain. Ideally the test antenna
is illuminated by a plane wave which is polarizatimatched to the plane wave, and the
received power is measured into a matched loade rilcromachined aperture coupled
antennas and the standard gain antennas are Vinedarised. Polarization match for the
H plane measurements is achieved by matching thecalepolarisation (electrical field
varying in vertical direction with respect to gral)rof the micromachined antenna device
with the vertical polarisation for the horn antenipaobe feed direction). A horizontal
polarisation is matched for the E plane measuresnefiibe test antenna is replaced by a
gain standard, leaving all other conditions the esarihe received power into its matched
load is again measured. From the Friis transmisfgionula it can be shown that the power
gain Gr) dB of the test antenna, in decibels, is given by

(G;)ys =(Gs).s +10|og[%j (5.6)

S

where Gs)gs is the power gain of the gain-standard anteRmas the power received with
the test antenna, amy is the power received with the gain-standard arderOne method

of achieving this exchange between test and gamdsrd antennas is to mount the two
antennas back to back on either side of the axianofizimuth positioner. With this
configuration the antennas can be switched by a° 1@@ation of the positioner.
Measurements are taken to position the antenn#éisasahey will be in the same location
when switched. In order to reduce the reflectiomgyain standard’s vicinity, usually
absorbing material is required immediately behinel gain standard which might perturb
the illuminating field. The reflection coefficienof all the components shall be measured

as a function of frequency so that correctionslmamade to the measured power gain.
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The ideal conditions required for power-gain measwents can be summarised as follows
[145]:

(1) Antenna range: Free-space conditions, unifplame-wave field at the receiving
antenna.

(2) Antennas: Impedance matched, aligned and psopEre sighted, in addition the
antennas should be suitably polarization matched.

(3) Equipment operation: Components, ideal and dapee matched, single sinusoidal
frequency, single waveguide mode, stable geneeatdrreceiver, adequate sensitivity and

dynamic range

A flann standard gain antenna of 20 dBi gain wasduss gain standard in the receiving
mode. Another standard gain antenna (Microwaveuments Limited) of 15 dBi of gain

is used as the transmitting antenna. The secamdiatd gain antenna is used instead of a
standard dipole antenna in the transmitting modetduhe inherent low gain of a standard
dipole. A low gain dipole will give lower 3/alues and reduced sensitivity. Figure 5.3
shows the far field measurement system in the amedatihamber to measure the antenna
radiation pattern and gain. The standard gainnaateand the AUT are mounted on a
rotating stage. The rotating stage is a 360 degptding column with precise relative
angle output on a marker screen. The referen@aatwas mounted on a stationary and
stable flat form facing the AUT or the gain starttlatA two-port calibration was used to
shift the reference plane at the ends of the cdorethat feed the AUT and the standard
gain horns. An on/off switch is located on the tecolting column to take the readings
manually for a shift in angle of 1 degree or mofe25 dB RF power amplifier along with
an isolator was used to amplify the signal fromnleévork analyser. It is anticipated that
an absolute power level value of the amplifieros mecessary as the antenna measurements
for the gain and radiation pattern involves thatreé transmission values. The gain of the
amplifier is taken from the manufacturer’s dataeth®mit not calibrated. The AUT and the
reference antenna were placed with a separatiotandis of about 1 metre. The
transmission coefficient 1 was recorded for every five degree of angle shifd a
subsequently converted into the absolute valueke H plane and the H plane for the
antenna are defined in terms of the orientatiotnefAUT with respect to reference antenna

as shown in Figure 3.12(a). The data is trandetiwean excel sheet where in the absolute
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Sy; values are substituted for the 8nd R in Equation (5.6) for finding the gain of the
AUT. To obtain the normalised radiation pattera $ values obtained from the standard

gain antenna and the AUT with respect to the refereantenna device are normalised.
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Figure 5.3 Photograph of the far field measurenmstem in the anechoic chamber to
measure the antenna radiation pattern and gain

53 RESULTS

The radiation patterns which were measured usiegrtéthods described in section 5.3 are
plotted as polar plots and compared with the sitrariaesults presented in Chapter 3. The
three-antenna method was used to measure the tbsghin of the single patch

micromachined antenna device while the gain corepartechnique was used for the rest

of the antenna devices.

5.3.1 Microstrip fed micromachined aperture coupled patch antenna device

Figure 5.4 shows the measured results for the atedle characteristics (g of the
microstrip fed micromachined aperture coupled padctenna device. The measured

results are plotted as a function of frequency fid@hto 15.5 GHz. It can be seen from the
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plot that the return loss is lower than 10 dB franound 12 GHz to 14.3 GHz for the
simulation and from 12.1 GHz to 14.7 GHz for theasw@ements. The -10 dB bandwidth
of the device is determined to be 19% from the mmesmbs results. The corresponding
simulated bandwidth of the antenna is 2.3 GHz &1 7The wide bandwidth of this single
patch micromachined antenna device is due to thenence effects of the TiMresonance
of the radiating patch and the parasitic resonafi¢ee aperture in the ground plane of the

antenna device.

The device exhibits a wide bandwidth as a resuthefcoupling between the patch and the
aperture resonances. The difference in the measmts to the simulation can be primarily
due to the SU8 material dielectric constant asimed| in Section 3.5. In order to
demonstrate this, the antenna device is simulateddrious dielectric constant values and
it can be seen from the reflection coefficient @pbtained as shown in Figure 3.22 that
the measurement curve follows more closely to flheulgation curve. The shift in the
measurement curve from the simulated curve cankssdue to the tolerances (fabrication
errors) in polymer rim thickness as presented icti®e 3.5.5 and due to smaller
contributions (usually <1 dB) [141] from measuremamcertainties, numerical in
accuracies in simulation, measurement and inacesatie to the SMA connector as the
SMA connector is not calibrated until the connagtpin. The bandwidth for the single
patch micromachined antenna device is due to thépteuresonance effects that include
the TMyo resonance of the top radiating patch and the essxn of the aperture in the

ground plane of the antenna device.
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Figure 5.4 Simulation and measurement results @féturn loss for the microstrip fed
micromachined aperture coupled patch antenna device
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Figure 5.5 Simulated and measured E-plane (a) afuldde (b) radiation patterns for
microstrip fed micromachined aperture coupled paokenna device at 12.1 GHz
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Figure 5.5 shows the gain-factor results for therostrip fed micromachined aperture
coupled patch antenna device. The gain of thenaatdevice at broadside is about 8.3 dBi
at 12.1 GHz. The E-plane patterns show that theesignificant side lobes and it can be
seen from Chapter 3.3 that the predicted radiafboiency for the device is 98% based on
the simulation results using HFSS. The measurgdaHe radiation pattern is symmetric
while the E plane is almost symmetric except atahgles near®and 180 respectively.
This can be attributed to the radiation from thecrostrip line and the aperture in the
ground plane. The beam width and the radiatiotepzd agree well with the simulation
results. It can be seen that the gain of the @evas been improved over the conventional
microstrip patch antenna as presented in Sect®n Zhe gain of the conventional patch
antenna with a dielectric constant of 10.2 andaatesresonant frequency was about 4.7dBi
while the gain of the microstrip fed micromachinaatenna device was 8.6 dBi. From
Table 2.1, it can be seen that the decrease iniggnmarily due to decrease in radiation
efficiency and directivity for a higher permittiyisubstrate. Thus from Table 2.1 and from
Sections 2.2.4 and 2.2.5, by having a low dieleatanstant primarily air or an air cavity
between the patch and the substrate (by using yameolrim) an improvement in the

antenna gain and bandwidth can be achieved.

5.3.2 Microstrip fed micromachined aperture coupled stacked antenna device
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Figure 5.6 Simulation and measurement results @féflection coefficient for the
microstrip fed micromachined aperture coupled stéac&ntenna device
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Figure 5.6 shows the measured and simulated resfult® reflection characteristic 1 of

the microstrip fed micromachined aperture couptadked antenna device. The return loss
parameters are plotted as a function of frequeray 7 to 12.5 GHz. It can be seen from
the plot that the return loss is lower than 10 diBrf around 7.785 GHz to 11.525 GHz for
the simulation and from around 7.675 GHz to 11.@Fz for the measured results. The
corresponding bandwidth of the antenna is 3.74 GHz 40% for the simulation and 3.7
GHz or ~ 39% for the measurements. The increasbamdwidth for this stacked
micromachined patch antenna device is due to tleeomiachined polymer rim, multiple
resonance effects that include the ;pMesonances due to both magnetic and electric
coupling (outlined in Section 3.3.1) between the tadiating patch and the aperture in the
ground plane of the antenna device. In order toaiestrate this, the antenna device is
simulated with the lower patch removed and keepimg rest of the dimensions and
materials constant. The reflection coefficientveudue to this is shown in Figure 5.7. It
can be seen from the curve that the -10 dB bantiwddies not vary much (<2%) by
removing the lower patch while the impedance maghs degraded. Thus, the wide
bandwidth is only due to the coupling mechanismwbet the aperture and the top
radiating patch that includes both magnetic andtetecoupling.

S, (dB)

7 8 9 10 11 12 13
Frequency(GHz)

Figure 5.7 Simulation results of the reflection €méent for the microstrip fed
micromachined aperture coupled stacked antennacdewith the lower patch removed.
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Figure 5.8 Simulated and measured E-plane (a) arulafe (b) radiation patterns for the
microstrip fed micromachined aperture coupled séac&ntenna device at 9.5 GHz

It can be seen from Figure 5.6 that the measureditseagree well with that of the
simulation in terms of the -10 dB bandwidth apaonf the disagreement with respect to
the frequency shift of antenna resonances afterdBQOin reflection coefficient. The
difference in the measurements to the simulationbmaprimarily due to the SU8 material
dielectric constant and due to fabrication toleemnm the heights of the polymer rim as
outlined in Section 3.5. As the stacked micromaetipatch configuration is relatively
complex in construction when compared to the simpleromachined aperture coupled
antenna configuration it is hard to quantitativdgtermine the contribution of each effect
although the effects of the polymer rim charactess and its dimensions can be
understood from the computer simulations for a &ngmtenna configuration as presented
in Section 3.3. The shift in the measurement cdirom the simulated curve can also be

due to smaller contributions (usually <1 dB) [14ftpm measurement uncertainties,
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numerical in accuracies in simulation, measurenserd inaccuracies due to the SMA
connector as the SMA connector is not calibratetll time connecting pin. Figure 5.8
shows the normalized antenna radiation pattern lteestor the microstrip fed
micromachined aperture coupled stacked antenn@elevihe gain of the antenna is about
7.8 dBi at ~ 10.5 GHz. The E-plane patterns shoat there are small side lobes. The
measured E and H plane radiation patterns are symemerhe small side lobe between
160 and 188 can be attributed to the microstrip line and therture in the ground plane.
The beam widths and the co-polarised radiationepatt agree well with the simulation
patterns. The back radiation associated with titerea device is reduced by introducing
an air cavity underneath the bottom patch substvatke the Q-factor and the bandwidth of

the antenna device remains the same.

5.3.3 CPW fed micromachined aperture coupled stacked antenna device

Figure 5.9 shows the measured and simulated resiuttse reflection characteristic 1%

for the CPW fed micromachined aperture coupledksth@ntenna device. The return loss
parameters are plotted as a function of frequeray 6.5 to 11 GHz. It can be seen from
the plot that the return loss is lower than -10fdBn around 6.73 GHz to 10.02 GHz for
the simulation and from around 6.425 GHz to 10.0%zGor the measured results. The
corresponding bandwidth of the antenna is 3.29 GiHz 39.2% for the simulation and 3.6
GHz or ~ 44% for the measurements. The differancine measurements to simulated
results can be attributed primarily to the manufang tolerance in the height of the
polymer rims, material characteristics of the padymims and partly due to the SMA
discontinuities. This is because the calibratiorpeérformed until the end of the coaxial
cables but not to the end of the probe of the SMAnector. The device exhibits a wide
bandwidth as a result of coupling between the wapgatches and the aperture resonances,
while the lower patch improves the reflection caedint for the antenna device. For this
device, the top two patches appear to be strormgipled. In order to demonstrate this, the
antenna device is simulated with the lower patoth #we middle patch elements removed
and the reflection coefficient curves due to tlsisshown in Figure 5.10. It can be seen
from the curves that the -10 dB bandwidth does vay much with the lower patch

removed while it varies substantially with the meldatch element removed.
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Figure 5.9 Simulation and measurement results @féflection coefficient for the CPW fed
micromachined aperture coupled stacked antennacdevi

Figure 5.11 shows the normalized antenna radiatiesults for the CPW fed
micromachined aperture coupled stacked antenn@eleviihe gain of the antenna is about
7.6 dBi at ~ 10 GHz. The E and H plane radiatiatiggns show that the side lobes are
reduced significantly when compared to the micipsked antenna device and it can be
seen from the simulation results in Section 3.5 thiz antenna device has much less back
radiation as a result of the CPW feed configuratiod thus forming a so called substrate
independent antenna configuration [84]. The tiim £LCP substrate has negligible effect
on the performance of the device as shown in theltse The measured H plane radiation
pattern is symmetric while the E plane is almoshsetric except for the occurrence of
nulls at 188 respectively. This can be attributed to the rémliafrom the CPW line
configuration and the non presence of CPW Line88 and the aperture in the ground
plane. The beam widths and the co-polarised radigbatterns agree well with the

simulation patterns.
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Figure 5.10 Simulation results of the reflectioreffizient for the CPW fed micromachined
aperture coupled stacked antenna device with thel@nd middle patch elements removed
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Figure 5.11 Simulated and measured E-plane (a)tdspdane (b) radiation patterns for
CPW fed micromachined aperture coupled stackedhaateevice at 10 GHz

152



From Table 2.1, it can be seen that by increasiecheight of air cavity, the patch antenna
directivity and gain decreases minimally. Thus, lttwer gain of the antenna device can be
attributed to the height of the polymer rims andglightly higher than the microstrip feed
stacked antenna configuration. The results obdaireem the microstrip fed and CPW fed
micromachined antenna devices are comparable twttthe foam based antenna devices
[25].
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Figure 5.12 Frequency dependent peak gain for (ajostrip fed and (b) CPW fed stacked
patch antenna with respect to frequency
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Figure 5.12 shows the results of gain variatioa asnction of frequency over the operation
bandwidth for each of the microstrip and CPW fedickéd aperture coupled
micromachined antenna devices. The measured semyiée well with that of simulation.
The gain varies from 5dBi at ~ 7 GHz to around dB8 at ~ 10.5 GHz for the microstrip
fed device. For the CPW fed device the gain vadrnes 5dBi at ~ 7 GHz to around 7.6
dBi at ~ 10 GHz. Thus high gain has been realisest a wide bandwidth for the devices.

5.34 Microstrip fed micromachined aperture coupled subarray antenna device

Figure 5.13 shows the measured and simulated sesithe reflection characteristici(p

of the microstrip fed micromachined aperture cod@abarray antenna device. The return
loss parameters are plotted as a function of frecq&om 9.2 to 16.6 GHz. It can be seen
from the plot that the return loss is lower thandB)from around 9.72 GHz to 16.3 GHz
for the simulation and from around 9.6 GHz to 15@z for the measured results. The
corresponding bandwidth of the antenna is 6.58 @Hz 50.5% for the simulation and
6.21 GHz or ~ 48.8% for the measurements. A waledlvidth was obtained as a result of

coupling between the patch, the aperture resonamzkthe quad array.
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Figure 5.13 Simulation and measurement resultb®feéflection coefficient for the
microstrip fed micromachined aperture coupled suéyantenna device
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Figure 5.14 shows the normalized antenna radigiaitern results for the microstrip fed

micromachined aperture coupled subarray antenniaalewhe measured peak gain of the
antenna was observed to be 10 dBi. The prediceedmum gain of this device is ~ 11.5

dBi at 13.5 GHz. The thin film LCP substrates haegligible effect on the performance

of the device as shown in the results. The beadthwiand the co-polarised radiation
patterns agree well with the simulation patterns.
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Figure 5.14 Simulated and measured E-plane (a)kspdane (b) radiation patterns for the
microstrip fed micromachined aperture coupled sudyaiantenna device at 12 GHz

54 SUMMARY

The measurement of reflection coefficient, radmatpattern and radiation gain have been
realized for the micromachined antenna devices pprapriate RF measurement
techniques. Two different radiation measuremenhrigues have been employed that
includes the three antenna method and gain conmpanmsethods. Good agreement
between the experimental results and theoreticallise was obtained. From the

measurement results, it is concluded that the lefiggt of the SU8 polymer, the polyimide
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and LCP supporting substrates is minimal due toldlhedielectric loss tangents and this
has been verified by simulations with Ansoft HFSStlae electrical properties of these
materials are also included in the simulations essgnted in Chapter 3. Thus these
materials could be employed extensively for prodgcstacked antenna device with
increased accuracy of aligning the stacked layers.

Table 5.1 Comparison of the measured antenna passor the micromachined antenna
devices and the simulated conventional patch amtel@vice

Micromachined antenna device Bandwidth | Bandwidth Gain (dBi)
(GHz) (%)

Microstrip fed micromachined aperture 2.5 19 8.3
coupled patch antenna device (Figure 3.8)
Microstrip fed micromachined aperture 3.7 39 7.8
coupled stacked antenna device (Figure
3.26)
CPW fed micromachined aperture coupled 3.6 44 7.6
stacked antenna device (Figure 3.32)
Microstrip fed micromachined aperture 6.21 48.8 10
coupled subarray antenna device (Figure
3.40)
Calculated and simulated conventional Calculated
patch antenna with width/length ratio of the
patch equal to that of the microstrip fed 1.116 8.59 9.75
micromachined aperture coupled pajch
antenna device and with air as a dielectric HFSS simulation
and thickness = 1.5 mm (calculated values
shown in Table 2.1) (Figure 2.3) 0.991 7.63 9.29
Simulated conventional patch antenna with Calculated
width/length ratio of the patch equal to that 0198 153 17

of the microstrip fed micromachined
aperture coupled patch antenna device rand
£,=10.2 (Rogers RO301Y) and thickness
= 1.5 mm as shown in Table 2.1) (Figire 0.175 1.35 4.4
2.3)

HFSS simulation

The deviation of the measured results from the kitimns can be due to the uncertainties
in the measurement obSpower), reflections, the dimensions (separatirgadices of the
antenna devices), the non-similarity of the antdgpas and the SMA connector reliability.
Errors in the measured radiation pattern or antgyama can also be expected owing to the
RF cable acting as a secondary radiator driverhbystirface currents on the conducting
surface of the AUT (usually <1 dB) [141]. The sbay the main lobe of the radiation
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pattern can be measured accurately while the mimintathe back lobe radiation suffered
from the dynamic range achieved as the directigitthe small antennas are relatively
small (less than 9 dBi). Table 5.1 compares thaswmesd antenna parameters for the
micromachined antenna devices. A simulated bantivati2.3 GHz (17%) is obtained for
microstrip fed micromachined aperture coupled pactenna device while the measured
bandwidth is 2.5 GHz (19%) is obtained. The pe&asnred antenna gain is 8.3 dBi. A
simulated bandwidth of 3.74 GHz (40%) is obtainedthe microstrip fed micromachined
aperture coupled stacked antenna device while #esored bandwidth is 3.7 GHz (39%)
is obtained. The bandwidth thus almost doubledh wespect to the simple microstrip fed
aperture coupled antenna device. The peak antgaimais 7.8 dBi. For the CPW fed
micromachined aperture coupled stacked antennaelesi simulated bandwidth of 3.29
GHz (39%) is obtained while the measured value.6s@Hz (44%). The simulated and
measured bandwidth values for the microstrip fedcromachined aperture coupled
subarray antenna device are 6.58 GHz (50%) and G131 (48.8%) respectively. A
maximum peak gain of 10 dBi at 12 GHz has been uredsfor the micromachined
aperture coupled quad array antenna device. A-pagkof 7.8 dBi was obtained at the
frequency of 10.5 GHz for the microstrip fed statletenna device and 7.6 dBi at ~10
GHz for the CPW fed device. The calculated andukated parameters of a conventional
patch antenna device presented in Section 2.2 twih different relative dielectric

constants air £ =1) and Rogers RO3010 (£, =10.2) have also been presented in Table
5.1 for comparison. From Table 5.1, it can be s#est the bandwidth for the

micromachined aperture coupled antenna devices lseased significantly when
compared to the conventional patch antenna devite similar W/L ratio of the patch
element. The simulated antenna efficiencies femticromachined has an average value of
99.5% which is comparable (99.9%) obtained with tifean air filled conventional patch

antenna device.
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CHAPTER 6 CONCLUSIONS

6.1 CONCLUSIONS

The contribution of the thesis is primarily relatedthe micromachining approach that can
be used to achieve a low dielectric constant logs Icegion under the patch element to
increase in radiation efficiency and bandwidth. mAcromachining approach based on
photolithography and metal deposition techniques ifategrated CMOS-technology

compatible solution has been developed where ifRRthactive devices on the CMOS chip

can potentially be integrated on to the common tsates used to fabricate the passive
devices like antennas and filters. The desigmidabon, assembly and characterization of
microstrip and CPW fed micromachined aperture cedigingle and stacked patch antenna
devices has been presented in the thesis. A haghpmanar antenna using a frequency
selective surface (FSS) and operating at a frequeh€60 GHz has also been studied for
high gain operation. The simulation results fag #SS based antenna device show low
reflection coefficient and good radiation charasters with a gain of 25 dBi at around 60

GHz and an antenna efficiency of more than 95%.

The design and simulation of the suspended micrbmad antenna devices was carried
out using an electromagnetic field simulation seftev package (Ansoft HFSS). The
reflection coefficient (§), radiation pattern, gain, directivity and effiegy for each of the
antenna devices were studied in order to obtairmiged devices. A polymer rim (SU8)
was used to create a sealed air cavity betweersuhstrate layers. The slot (aperture)
based feeding method along with the stacked pa¢chemts improves bandwidth using the
coupling effects of the aperture and the stackéchpalements. It has been verified that a
tolerance of SU8 polymer thickness of 100 um isptable for variance in bandwidth and
gain. The effect of SU8 polymer rim dimensions tbe S; results and the radiation
efficiency for the microstrip fed micromachined gpee coupled patch antenna device was
studied and an optimum polymer rim dimensions ifiedt Bandwidths of 2.3 GHz
(17%), 3.74 GHz (40%), 29 GHz (39%), 6.58 GHz (5@%6)e obtained for microstrip fed,
microstrip fed stacked, CPW fed, microstrip fed djuaray micromachined aperture
coupled patch antenna devices respectively frormtbdelling. The corresponding gain
values are3.3 dBi, 7.8 dBi, 7.6 dBi, 11.2 dBi respectivelffhe minimum backward radiation
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for both E plane and H plane is around -8 dB, -B2-d7 dB, and -12 dB for the antenna
devices respectively. The radiation efficiencynibetween 0.91 to close to 0.98 for all of
the micromachined antenna devices. In comparig@npest antenna radiation efficiency
obtained for the micromachined antenna devices filoenliterature review presented in
Chapter 2 are 64% for silicon micromachini®g,4% for polymer micromachining (similar
to the process used for the micromachined apedoupled antenna devices), 73.3% for the
synthesised substrates a@@% for the micromachined glassThe effect of SU8 material
properties and the SU8 polymer rim dimensions tglietl for a simple microstrip fed
micromachined aperture coupled antenna device foylating the antenna devices with
various material properties. The simulation resdt®w that the antenna impedance
(reflection coefficient) characteristics vary sw@mtally with the polymer rim height and
the dielectric constant of the SU8 material whitbeo characteristics like antenna gain,
efficiency, directivity and -10 dB bandwidth remsialmost constaniThe tolerances in the
fabrication of SU8 polymer rims of the order of ud0 are possible as presented in Section
4.6. Thus, in order to reduce this fabricatioretahces other methods such as direct
casting technique should be explored [147].

Micro-fabrication and micro-assembly methods hawerb developed to fabricate the
antenna devices. The antenna structures are ddxlidn layers and assembled using
micromachined polymer spacers. Low cost mateti&ls SU8, polyimide film, LCP
substrate are employed for the fabrication of theremachined aperture coupled antenna
devices. The polymer based stacked assembly & fosair suspended radiating patches
as well as for antenna module packaging. The fgednd aperture features are fabricated
on to the microwave substrates while the radigtiatgzh elements are fabricated on to the
polyimide and LCP substrates. A UV lithographyhteique has been developed with a
positive photoresist (AZ 9260) for obtaining betteronductor patterns with
electrodeposition and etching techniques. UV Gtlaphy techniques (for SU8) followed
by microassembly techniques have been employethéomicromachined cavities on the
different kinds of substrates. The fabricated tabs layers are assembled using a low
temperature polymer bonding process to form higHop@ance antenna devices. After
patch assembly, in order to obtain an antenna defac RF characterization, an SMA

connector was attached to the microstrip and grqlexge on the microwave substrate.
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The measurement of reflection coefficient, radatpattern and radiation gain have been
realized for these micromachined antenna devicdb appropriate RF measurement
techniques. The antenna bandwidth and gain faéttre micromachined antenna devices
obtained from RF measurements. Measured bandwuoftta5 GHz (19%), 3.7 GHz
(39%), 3.6 GHz (44%), 6.21 GHz (48.8%) were obtdife microstrip fed, microstrip fed
stacked, CPW fed, microstrip fed quad array micrcmeed aperture coupled patch
antenna devices respectively. Good agreement batvwiee experimental results and
theoretical results was obtained. From the measeme results, it is concluded that the
lossy effect of the SU8 polymer, the polyimide &r@P supporting substrates is minimal
and hence these materials could be employed exedyndor producing stacked antenna
device with increased accuracy of aligning thekstddayers. The peak measured antenna
gain is 8.3 dBi at 12.1 GHz for the microstrip fiewcromachined aperture coupled patch
antenna device. A peak-gain of 7.8 dBi was obthimiethe frequency of 9.5 GHz for the
microstrip fed stacked antenna device and 7.6 tBll& GHz for the CPW fed device. A
maximum peak gain of 10 dBi at 12 GHz has been wredsfor the micromachined
aperture coupled quad array antenna device. Tlasumed bandwidth of the microstrip fed
micromachined aperture coupled quad array anteewmg@eal was thus, almost a factor of 5
larger than the figure of 10.5% obtained for theb@r fed micromachined antenna device
[84]. Comparison of the measured gain and bantwidtthe stacked micromachined
antenna device and that of a conventional apertagpled antenna devices for a
comparable profile dimensions shows a significamhamcement in antenna gain
performance particularly in the multi-GHz, and miétre wave frequency region and an
improvement in % bandwidth [32]. A similar kind imiprovement is observed with other

micromachined approaches [84].

The stacked antenna device configurations presemtibis thesis have resulted in doubling
the antenna bandwidth while the gain is reduce@®.bydBi when compared to the simple
aperture coupled antenna configuration. The sthofead array configuration had
increased the bandwidth by 2.5 times while the gaincreased by about 3 dBi (radiation
efficiency unchanged). This shows that the antetevice performance is enhanced on the
expense of the complexity in aligning and bonding fabricated layers in order to obtain
the stacked antenna configurations. For the mamsufacture, this complexity can be

reduced by a camera based robotic machines. Nedoged fabrication process provides
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an alternative low cost packaging process as caedparthe conventional LTCC and PCB
technology. The suspended antennas are lightweigtitcan be easily fabricated with
micromachining of the SU8 photopolymer. The methafdfabrication has potential
applications in the emerging field of UWB networR&/LAN networks at 60 GHz,
automotive collision radar and terahertz antennacds. The stacked single antenna
devices can also be used to fabricate antennasafoayhigh gain applications. The
fabrication process developed can be used for marstg other passive devices such as
high performance filters at millimetre wave andatesrtz frequency regimes. New ultra
thick photoresists that does not necessarily nestlgaking process could pave the way for

cost effective fabrication of these antenna deft48].

6.2 FUTURE WORK

In a typical communication device, an antenna o@sup significant portion of the area of
the device. It is envisaged that the micromachiaeténna devices will potentially find
applications in miniature sensor networks, largeyamplanar antenna devices, on chip
communication antenna systems in the X band, méliiemwave and terahertz frequency
regimes. Certain applications like the miniatuessor networks operating at millimetre
wave frequencies and beyond will potentially needcampatible encapsulation and
assembly process for the RFICs and the antennaedeWwotentially, the micromachined
antenna devices can be realised in to the eme8Ddgackaging approaches often referred
to as SIP (System-in-Package) and SOP (System-ckage) to provide major
opportunities in both miniaturization and integoatifor advanced and portable wireless
packages. The micromachining concept for anteabadation facilitates the integration of
RFIC chips in the air cavity underneath the patements.

In the work described in this thesis, single eletreamd a quad-element micromachined
suspended micromachined antenna devices were modulm the future, the suspended
micromachined antenna devices and the associaigsaf these devices can be integrated
with RFIC chips to investigate the improvementlté performance of the communication
systems using the micromachined antenna devickss, Tt will be interesting to study the
integration capability of this assembly approachthe future. The reliability and
robustness of the suspended micromachined antewiged should be further investigated.

The reliability of the micromachined antenna desicentaining suspended structures is a
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concern in general. The vibration, shock and tlarycling test etc can be carried out in
the future to study the reliability of the suspeshaeicromachined antenna devices. Shear
test can be carried out to investigate the borehgth of the supporting polymer rims. The
thermal stress due to the CTE (coefficient of trerexpansion) mismatch between the
SU8 polymer and the substrate materials should deenamodated in the fabrication
process so as to eliminate the potential delangnatif the SU8 structures from the

substrates.
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APPENDIX

Al A MICROMACHINED FSSBASED ANTENNA DEVICE

Al1.1 Introduction

There has been a growing interest in utilizing timicensed 60 GHz band due to the
benefits of wide bandwidth, the maximized frequerayse, and the short wavelength that
allows very compact passive devices [149]. Mujelalow-temperature cofired ceramic
(LTCC) based System-on-Package (SoP) technologyalaady been implemented on
terminals for mobile communications or wirelessaloarea networks (WLANSs). Although
the LTCC based antenna systems have been reatized @0 GHz band, they suffer from
low gain and low efficiency coupled with complexfeng networks. They may also suffer
from low resolution metal printing techniques suashscreen and stencil printing resulting

in poor device performance.

A high gain planar antenna using a suspended freguselective surface (FSS) and
operating at a frequency of 60 GHz has been inyasdl. Using micromachining
technology, the dimensions of the polymer ring spacan be controlled precisely to
provide the required air gap between the FSS laperthe ground plane to obtain high
performance. Although the principle of operatidraanicromachined FSS based antenna
device is different to the micromachined patch anéedevices presented earlier in the
thesis the fabrication process for this antennacéeg similar to that presented in Chapter
4. Thus, it is anticipated that the fabricationhteiques for the micromachined aperture
coupled antenna devices can be used for the micluimed FSS based antenna devices.
The principle of operation, the modelling of thetearmma device and initial measurement

results are presented in this appendix.

Al.2 Review of FSSbased partially reflective arrays and antennas

G. V. Trentiniet alintroduced the partial reflecting sheet arraysaisienna applications for
the first time in 1956 [150]. Multiple reflectiore#f electromagnetic waves between two
planes were studied, and the increase in diregtthiat results from a partially reflecting
sheet in front of an antenna was investigatedva&gelength of 3.2 cm. The device relied

on the ‘electromagnetic transparency’ of an indiecfrequency-selective surface (FSS) in
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its pass band and as a result weak leaky-wave naet@s observed due to multiple
reflections between the FSS and the ground pldie outer diameter and over-all length
of the antenna devices were 1288nd 0.65\ respectively. The device showed half-power
beam widths of 34and 4% in the E and H planes respectively, and a gamppfoximately
14 dB. It was shown that larger systems could pecedconsiderably greater directivity but
that their efficiency would be poor.

J. R. Jameet al [151] reported further beam forming properties tregult from having
multiple FSS’s in conjunction with a low-gain prilgaaperture. High gain antenna devices
by the use of frequency selective surfaces as gligrtreflecting sheets have been
continuously developed in the recent years. Feiest al have developed a high gain

planar antenna using optimized partially reflectuefaces as shown in Figure A.1 [152].

The high gain planar antenna was developed usiraptimized partially reflecting surface

(PRS) placed in front of a waveguide aperture atiad 14.5 GHz with a maximum gain of
21.9 dBi and a 1.2% bandwidth for an array siz&©%& 17. The device was constructed
using a foam board based spacer. A ray based simalias employed to describe the
operating principle of the antenna and to qualidy predict the antenna performance.
Full-wave simulations were carried out using a caruially available software tool

(Microstripes). The effect of the finite PRS size the antenna performance (directivity

and side lobe level) was also studied.

foam board supporting frame

4

PRS attached
to foamboard

L
/ ///////////////////

«— ground plane

waveguide

Figure A.1 Schematic showing the FSS based ant@mh#he principle of operation [152]
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Low profile antenna devices have been developedhley same group by employing
artificial magnetic conductors [153-155] and anagrrantenna device with increased
element spacing [156]. Further variations of tkesetenna devices have been developed
[157-160] with an optimized antenna device obtainsithg a multi-feed based design. A
high gain antenna device for multi-spot coverage Ibeen developed by Chantatatal
[157]. On the other hand, antenna devices have teeeloped for base station antennas

applications such as the omni directional [161,] 6%l sectoral antenna devices [163].

section of dipote PRS

ground plane | - .
IS
I . | 4
0 HHTHTNL >
|
waveguide |
aperture
!\PRS -
-« D, w

L

r

Figure A.2 FSS based antenna device with multigliections between PRS screen and the
ground plane [152]

The leaky-wave behaviour is illustrated in Figure Ashowing a ray emitted at anghe

from the primary aperture, progressively reflectbgfween the conducting ground plane

and parallel FSS. The complex reflection coeffitiR(8) exp [j ¢(8)] at the FSS is a
function of bothe and the FSS geometry, is the resonant distance between the PRS and
the ground plane. f{#) is the angular distribution of rays from a primamntenna, then an
approximate formula for the radiation pattd?(¢), based on the summation of rays, is
[150-152]

P(6)= h-R2(0)]r2(6) (6.1)

1+R2%(6)-2R 9)(:0{(/}(9)— X— 4;tr cosﬁ}
0

where ¢(6) is the reflection coefficient phase of the FS®iifatce andP(6) is maximum

when the following condition is satisfied.
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@(0) - - 4;1“ =2Nm  or

0 0/1 A 6-2)
L=ZQ_pA N2 wheeN=012,.
T 4 2

The gain of the antenna device is given by

_P_1#R
G ETiR (6.3)
While the bandwidth is given by
w2 4 1-R
fo 2, JR (6.4)

Thus by knowing the complex reflection coefficiemtine can estimate the gain and
bandwidth for these kinds of antenna devices. ddmaplex reflection coefficient can be
measured experimentally for any periodic FSS gegmeith two standard gain horn

antennas.

A1.3 Design and modelling
Al1.3.1 Software tool for electromagnetic design sintuilation
Figure A.3 shows the schematic of the antenna delvased on metamaterial (FSS) and
micromachining techniques. FSS based Fabry-Peawityc antenna device for high
directivity form as a basis for this antenna devite order to reduce loss and to produce a
low profile device, the FSS structure is placedadhin polymer film. The micromachined
ring spacer is used to position and suspend timepibliymer film above the ground plane.
A waveguide-fed aperture in the ground plane igluseprovide excitation of the cavity.
The design of the FSS was carried out using metifothoment code by analyzing the
reflectivity of the FSS structure. The FSS is threorporated into the antenna structure for
device design and modelling using Microstripes[164] a time domain based
electromagnetic (EM) simulation package. CST MIGR®IPES™ (CST MS) is a
powerful 3D simulation software which uniquely eys the Transmission Line Matrix
(TLM) method to solve Maxwell’'s equations in then& domain, a highly efficient
numerical method. The TLM matrix is coupled witlGd)l (Graphical user interface) and
an optimal meshing algorithm. The design procelis\iis five steps:

1. Define the geometry using a solid modeller or impgbe geometric model from

another CAD package.
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Assign the material properties to the geometry
Exciting the port or a plane wave excitation
Define the results such ag;Smpedance, radiation patterns etc

o b~ 0D

Solving the Maxwell equations with the efficientné domain solver based on the

TLM (Transmission Line Matrix) for accurate broadbdaesults.

Micromachined
polymer spacer

PTFE film

Copper FSS structure

Waveguide Feed Substrate

Figure A.3 Schematic of the cross-sectional viethefantenna design for 60 GHz
operation.
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Figure A.4 Layout of the micromachined FSS baséerma device in solid modeller within
the Microstripe&" package[164]
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CST MICROSTRIPES™ has a model builder that can ¢ 1o create solid geometry
while Boolean operations, library parts, sweeps @madsformations are also available to
aid the geometry creation. Within CST MICROSTRIPE®nodels can be excited in a
variety of ways such as by ports and plane wa®ests, which can be waveguide, coaxial,
microstrip, stripline, co-planar, slotline or wiseurce, can be specified anywhere within
the workspace and do not have to be coincident thigthboundaries. The excitation is an
impulse in the time domain and the resulting outfiotpulse response) can then be
convolved with user definable waveforms producieguits as if the model had been
excited with said waveform. The size of the latgeesd smallest cells in the mesh has a
significant effect on the accuracy and speed okthmilation, and therefore requires careful
consideration. The 3D-TLM simulator considers é&hkectromagnetic field to be uniform
within each cell. The Automesher chooses the dietall-size to be 1/10 of the free-space
wavelength at the requested maximum model frequeoncy5% of the model size,
whichever is the smaller. The Automesher also pdwvtakes into account material
properties and reduces the cell-size within diglettodies. In general, it will take at least
two time steps for the electromagnetic wave tosasy cell in any direction - so that the
time-step depends critically on the smallest dinenof any cell. Thus, the largest
dimension of any cell limits the frequency rangel dne smallest dimension of any cell
limits the time-step. Finally, a Fourier transfomodule is used to transform time domain
output from the solver into the frequency domaine Rctual integral is as follows [164]

ty

6(f)= [ glt)e™ @ Mat (6.5)
t
Whereg (t) is the time domain response aadf) is the frequency domain response. Now

af =L (6.6)

nT
The spacing between frequency samplas, is a constant chosen to ensure that the
frequency domain data appears smooth when plogedgraph.nT is the number of time

steps.

Al.3.2 Results and analysis
The micromachined FSS based antenna design showigune A.4 was designed for 60

GHz operation. The polymer film containing the FSB8ucture is supported by a
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micromachined polymer ring spacer above the groptahe. Table A.1 gives the

dimensions and electrical properties for the mia@aohined FSS based antenna device.

Table A.1 Dimensions and electrical parametersliermicromachined FSS based antenna

device
Parameter
Array size of FSS 17x17
Patch dimension 2.2 mm
Height of cavity 2.6 mm
Dimension for coupling aperture 2.1mm x 0.4mm
Outer dimensions of cavity 445 x 44.5 mm
Taconic substrate thickness 0.25 mm
SU8 polymer rim thickness 2.6 mm
PTFE 0.125 mm
Copper thickness 0.009 mm
Dielectric constant of SU8 3.2
Dielectric constant of PTFE film 3.2
Dielectric constant of Tacorli¢ TLY-5
substrate 22
Loss tangent of SU8 0.043
Loss tangent of PTFE film 0.005
Loss tangent of Tacori¢ TLY-5 substrate 0.0009

The design procedure of the antenna device is airtol that described previously [150].
The FSS structure contains an array of 19x19 sqelareents of copper printed on a PTFE
film of thickness 0.25 mm including the copper cland) of 18 um and dielectric constant
2.2 respectively. The dimension of each elemer&2snm x 2.2mm and the separation
between the adjacent elements is 150 um. Therdasid optimisation of the FSS structure
was carried out using the method of moment codbe dnalysis is based on Floquet's
theorem and assumes an array of infinite size [192je optimum design parameters and
the resultant electromagnetic characteristics efahtenna device were obtained using the
Microstripes EM simulation package by optimising tthesign. The initial SU8 polymer
thickness and thereby the height of the cavityivemg approximately by Equation (6.2).
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The dimensions of the coupling aperture and thekti@ss of the SU8 polymer rim are
optimised for better bandwidth and antenna gain.

The height of the polymer ring was determined t@l&emm for the device to operate at 60
GHz. The internal dimensions of the ring are 48m#8mm and the wall thickness of the
ring is 2.5 mm. The size of the coupling apertigré.Imm x 0.4mm. Figure A.5 shows
the reflection characteristic of the antenna. Téw@rn loss is better than -10 dB at the
design frequency, and with a -10dB bandwidth of 2%.
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Figure A.5 Simulation results of reflection coeéitt (S;) for the micromachined FSS
based antenna device
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Figure A.6 Simulated radiation patterns of the mmiachined FSS based antenna device at
60 GHz
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Figure A.6 shows the E plane and H plane radiatiaracteristics. The side lobes are less
than -28 dB in the E plane and -15 dB in the H elespectively. The higher side lobes in
the H plane are attributed to the diffracted fiethle to the finite size of the PRS, which
was limited to about 8.9x8.9in order to reduce the computational requiremenifie
radiation bandwidth of the antenna is about 1.5Phe radiation bandwidth is defined as
the bandwidth over which the gain of the antenné&saat about 3 dB from the peak. The
design was optimised for both optimum bandwidth gaoh. However, as is well known
for this type of antenna there is a clear tradeheffveen these two parameters. Figures A.7
and A.8 show the 3D radiation profiles of the mmezhined FSS based antenna device at
two different frequencies. Figure A.9 shows a 3diation profile of the antenna device
when a solid layer of SU8 is used as the spacbus,Tit can be seen that the antenna gain
varies from 23.561 dBi at the centre frequency @26 GHz to 16.5 dBi at 58.54 GHz
(band limit) while the material loss increases frorh3 dB to 0.75 dB.

Y

E
Directivity: 23.516dB1 @ | |
PolLrzn. Loss: 0.000dB

Moterial Loss:-132.948mdB Scale: Linear: -co to OdB-directivity
Mismatch: -102.534mdB  Ant Eff: 94.722% Contour aot: -3 dB-directivity
Galn: 23.2804B1  Rad Eff: 96.985% Frequency: 60.256Hz

Figure A.7 Simulation of the 3D radiation profilerfthe micromachined FSS based antenna
device at 60.25 GHz
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Figure A.8 3D radiation profile for the micromacleith FSS based antenna device at 58.54
GHz
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Polrzn. Loss: 0.000dB

Material Loss: -3.865dB Scale: Linear: -oo to OdB-directivity
Mismatch: -12.112dB  Ant EFf: 2.525% Contour at: -3 dB-directivity
Gain: -1.407dBi FRad Eff: 41.064% Frequency:  58,7GHz

Figure A.9 3D radiation profile for the micromaclkei FSS based antenna device with SU8
filled inside the cavity

The full wave simulation gives a material loss afuand 3.8 dB for SUS filled cavity at the
centre frequency which shows that one should reffeom using SU8 material as a

substrate for these kinds of antenna devices.
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Al4 Fabrication and assembly

The antenna device was fabricated using the MEMSedamicrofabrication and
microassembly techniques described in chapterigur& A.10 outlines the fabrication flow

for the micromachined FSS based antenna device FBS structure was fabricated on a

thin copper foil laminated on a thin film, low lopslymer substrate. After deposition of a

photoresist layer by spin coating, the photorasigtatterned using a photomask to define
the FSS structure.

Copper Il sSuUs [ Copper Il SU8

l Taconic substrate Il Substrate ] Tape I Substrate

() (b)

"] Copper W sug

[ Taconic substrate B Substrate

B V band Waveguide I Tape
(c)
Figure A.10 Schematic of the fabrication flow foe tmicromachined FSS based antenna
device on (a) microwave substrate (b) Taconic sates{c) antenna assembly.
The exposed copper layer is then removed by wairgidollowed by photoresist removal
to obtain the FSS structure containing arrays afasg copper elements. The coupling

aperture on the ground plane was fabricated usisyréar method. The supporting
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polymer rim was produced by bonding two identicil8Sbased polymer ring structures
that were produced on the FSS and ground plandratdss respectively. The SU8 rim

structures are fabricated by surface micromachirohghick film SU8 epoxy layer as

illustrated in Chapter 4. The height and wall kiiess of each of the rims were 1.3 mm and
2.5 mm respectively. To facilitate the couplingtioé waveguide to the antenna device for
EM characterization, alignment marks were producedthe ground plane substrate by
precision mechanical machining. Figure A.11 shdke photographs of the fabricated

antenna device.

Figure A.11 (a) Photograph of the micromachined B&Sed antenna device after assembly
(b) Photograph showing the FSS layer on the Tacsuistrate along with the SU8 polymer
rim

Al5 Measurement

Initial measurements for antenna device were pewar for radiation characteristics but
not for the reflection characteristics as a veattwork analyser is required. The far field
test setup for the work is shown in Figure A.122@\dBi Flanf" standard gain horn was
used as a reference antenna. An Agilent 83557Awane source module was used to
drive the standard gain horn antenna. An 8350/8858&wveep oscillator was used as a
frequency source to drive the millimetre wave medulA U85026A WR-19 waveguide
detector from 40 GHz to 60 GHz was connected tdgitent 8757 scalar network analyser
to obtain the scalar transmission parameters. Reg@ade flange end from the detector
was connected to the V band waveguide that feeelsrtitromachined antenna device
(AUT). A gain of about 12 dBi was obtained usirge tgain comparison technique as
described in Chapter 5.
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Figure A.12 Schematic showing the far field setarxghe micromachined FSS based
antenna device
The lower value of the measured gain can be at&ibuo the misalignment of the
waveguide feed to the aperture. The waveguideiteadrlanfi V band waveguide that is
machined and glued to the copper plate on the Tascoibstrate. Any misalignment during
the fixture and the smoothness of the machined guade are the sources of error during
measurements. The lower measured gain can alsludéo the measurement technique
used where a scalar network analyser is employddtanreflection parameters were not

measured to take into account any serious mismaitaithe measured frequency.

Al6 Summary

A high-gain micromachined FSS based antenna dédsebeen successfully designed and
modelled for V band operation. The simulation hssshow low reflection coefficient and

good radiation characteristics with a gain of 25 dBaround 60 GHz and an antenna
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efficiency of more than 95% have been achievede d@htenna device was constructed.
Preliminary measurements of antenna radiation ppat8e; parameter and gain were carried
out. The initial results show a gain of about B2 fibr the device, lower than the expected
value of 25 dBi. Further investigations are neagss order to improve the measurement
setups to determine the performance of the deincparticular better control of coupling

between the feeding waveguide and the apertutgeajriound plane.
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A2 FABRICATION

A2.1 Thin film deposition

Conductor patterning on substrates can be achieyeither thin film deposition followed
by electroplating or chemical based etching of dam@m. The metal features tend to
posses rough side walls and non-uniform featuressiar the patterns obtained using the
chemical etching process.

Figure A.13 Photograph of the electron beam evatmora

The thin film deposition was used in the thesis kvfor producing seed layers on un-
metallic polymer thin film substrates for patchriabtion. The thin-film metal layers were
deposited by vacuum evaporation using an electeambbased deposition facility. Figure
A.13 shows a photograph of the electron beam ewémor Titanium and Copper thin films
were used as the adhesive and seed layer respgctive

A2.2 Spin coating

Spin coating, spray coating and blade coating leedtiree main methods for deposition of
photoresist layers on wafers in microfabricatiod][9 The spin coating method was used
for deposition of thick film photoresist layers fimbrication of antenna devices. The spin
coating can produce uniform photoresist films owiaghe control of the polymer spaces
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and patches for construction of antenna devicdse method consists of an initial spread
cycle and a high speed spin cycle. The photoresistcoated onto the substrate wafers to
produce a uniform photoresist film of the desirbttkness. A commercial spin coater

(Brewer Science, Model 100) was used for this psepoFigure A.14 shows a photograph

of the spin coater.

Figure A.14 Photograph of the spin coating machine

The photoresist deposition process comprised daettateps: dispensing, spreading and
smoothing respectively. In the dispensing stepctirrier wafer was rotated at a low speed
for dispensing the photoresist onto the carrierenafin the spreading cycle, the carrier
wafer was accelerated to a higher spin speed t&adphe photoresist to cover the whole
wafer. In the final smoothing cycle, the carrieafer was spun at accelerated high speeds
to avoid the formation of photoresist bead at ttigeeof the wafer and to form a smooth
photoresist film. The spin speeds, accelerati@hsgin time were programmed for each of
the cycles described above. A negative photoréSidB) was used for fabrication of the
polymer rims. The photoresist used for patch tation was AZ 9260 (AZ electronic

materials, Clariant Corporation), which is a pesitione photoresist.

A2.3 Soft baking

Soft baking is the process of removing solventhéphotoresist film prior to UV exposure

[94]. After spin coating and the subsequent relargeriod, the wafer was soft baked on
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a hotplate levelled with less than a%®oaf inclination. The wafer was then removed from
the hotplate and left horizontally on a levelledface to prevent the AZ / SU8 photoresist
layers from flowing. Figure A.15 shows a photodray the plate setup for pre-baking of
the photoresist layers.

gl

Figure A.15 Photograph of the hot plate setup fi@-paking of the photoresist films

A2.4 UV exposure

The mask aligner, Tamarack used for photolithogyaplshown in Figure A.16. It consists
of a collimated broadband UV exposure system widmmal controls for alignment. The
UV light source employed a 2000 W Hg arc lamp, \whias a typical UV spectrum of g-
line (436 nm), h-line (405 nm) and i-line (365 nnMjhe AZ9260 photoresist is sensitive to
the i-line and h-line (320 ~ 410 nm) while the Spi®toresist is sensitive to the i-line of
the spectrum. The Tamarack mask aligner providedieh screen display interface. Most
of the operations for mask alignment and UV expesuere carried out through the touch
screen. The substrate wafer coated with the pésigirfilm could be mounted onto the

vacuum chuck of the mask aligner and held in ptaceacuum.

The UV light from the Hg arc lamp was collimatedexpose an area of about 10 cm in
diameter (4" wafers). The mask alignment could geformed in both contact and

proximity modes. For the work described in thisdils, proximity exposure was used as the
features are relatively large. Diffraction of UMHt occurs at the air gap between the

photomask and the photoresist layer. This can inémized by filling an index-matching
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material such as glycerol on the photomask [13R]Cargille refractive index matching
liquid has been used to improve the features of Sbi8 photoresist [130, 165, 166].
Feature sizes of @m and 1150um in height (aspect ratie 190) with high quality

sidewalls were demonstrated.

Figure A.16 Photograph of the Tamarac UV exposystesn

A25 Development

Several methods for development of an UV exposedopésist layer exist such as solvent
based stirring or spinning, jet and spray basele Jolvent based stirring approach is the
most widely used development technique whereirstineng effect enhances diffusion that
increases the development rate. If the UV exposater or substrate is downward
oriented, then this improves development of higheasratio (HAR) structures, because it
allows the gravitational force to aid in the cheahisolubility of photoresist [130, 167].
Megasonic and ultrasonic agitations frequencieswedeabove the vibration modes of the
resist structures (typically 0.1 to 10 MHz) to atgt the developer. SU8 structures ranging
from 20um to 1.5 mm in height and with aspect ratios upQdave been reported [130].
The disadvantage is that ultrasonic waves and megas/aves can cause cracking and de-
bonding of the photoresist layer. Spray develogneen jet development are the recent
developed techniques for HAR structures using thi $hotoresist [168]. In spray
development, a spray nozzle is used to create sir@ilets of developer that are sprayed
on the wafer uniformly. In jet development, theveleper is directed in specific locations

at elevated pressure to force fresh developerdeéper, less accessible parts of the pattern.
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Spray development doesn’t have selectivity whitedgvelopment can selectively remove

soluble photoresist to create HAR structures.

For the fabrication of the micromachined apertwepted antenna devices, a combination
of the stirring and ultrasonic method was used.e BtU8 coated wafers after exposures
were developed in the PGMA solution in an ultrasdrath for less than a minute and then
further developed with the stirrer system. Theaetisystem consisted of a hotplate with a
magnetic bead stirrer. The wafer to be developed placed in PGMA solution on the
stirrer system at 2&. The solution was stirred with the help of a metiz bead at ~100
rpm. The polymer rims fabricated for the micrgstfed stacked and simple antenna
devices are of around 1.2 mm thick and 1 mm wide thaving an aspect ratio of 1.2 while
for the CPW fed antenna device is 1.1 mm and 2 mmidth possessing an aspect ratio of
1.6. It was found that this level of aspect rafices better mechanical stability for the SU8
polymer rim owing to the large feature sizes of gwymer rims (typically around 20
mmx20 mm). Although, SU8 is known for achieving thigspect ratios (.>190) this is true
only for smaller feature sizes (<0.1 mmx0.1 mm) asdhe feature sizes get larger like that
for the polymer rims than problems like adhesiotht substrate and uniform development

(due to uniform exposure dose) will arise

A2.6 Copper etch

A copper etch tank (Bungard Jet 34 d) [169] as showFigure A.17(a) was used to etch
the copper layers after the UV-lithography prodeserder to produce conductor patterns
on metallised substrates. The etching solution wapared by dissolving 350 g of
sublimate in 1 litre of cold water using a heatgfrocontainer and stir with a non-metallic
tool as shown in 4.6(b). It should be noted ttet preparation process should not be
carried out in the etching tank due to the exothenmaction. Ferric chloride tends to
deposit a mud of copper chloride in the solutiankta This can be eliminated by adding

small portions of chloric acid to the used (butereto the fresh) liquid.
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Figure A.17 (a) Bungard Jet 34 d spray etching naeh(b) Ferric chloride solution with

(b)

50 g/l in the spray etch machine [169]

Table A.2 Physical and thermal properties of SUBtptesist

Characteristics

Value

Maximum modulus of elasticity (E)

4.95 +/- 0.42&P

Bi-axial modulus of elasticity (E/(11#))

5.18 +/- 0.89 GPa

Poisson ratio 0.22
Film stress 19 - 16 Mpa
Max stress 34 Mpa
Max sheer 0.009

Plastic domain limit

'no’ plastic domain observed

Friction coefficient ()

0.19

Maximum bond strength

20.7 +/- 4.6 MPa

Glass temperature §r ~50°C

Thermal expansion coefficient 52 + 5.1 pprt K
at 95°C

Polymer shrinkage 7.5%
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Table A.3 Physical and thermal properties of DuPapton polyimide film from Kapt&n
HN [120]

Characteristics

Valueat 23°C

Tensile Streng 231 MPa
Elongatior 72 %
Poisson rati 0.34
Tensile Modulu 2.5 GP;
Density 1.42 gm/c
Coefficient of Friction, stat 0.6

Heat Sealabilit

not heat ealablt

Thermal Coefficient of Linee

20 ppm/°C

Shrinkage

0.17% at 15°C

Flammability

94V0

Table A.4 Physical and thermal properties of liqargistal polymer (LCP) [133].

Dimensional stability MD (%) -0.06

CMD (%) -0.03
Peel Strength N/mm (Ibs/in) 0.95(8.52)
Initiation Tear Strength, min Kg(lbs) 1.4(3.1)
Tensile Strength MPa(Kpsi) 200(29)
Tensile Modulus MPa(Kpsi) 2255(327)
Density gm/cnd, Typical 1.4
Coefficient of Thermal Expansion X ppmfC 17
CTE (30C to 156C) Y ppmFC 17

Z ppmfC 150
Solder Float, method B(288) PASS
Melting Temperature °C 315
Relative Thermal Index - RTI Mechanidal 190

Electrical®C 240

Thermal Conductivity W/nfK 0.2
Thermal Coefficient of z., -3C to 150°C ppm/rC (+)24
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A3 THENETWORK ANALYSER

Network analysers are used to measure componestged and circuits by looking at a
known signal in terms of frequency and are desdride stimulus-response systems [141].
The reflection and transmission characteristichefantenna devices were measured using
a HP 8510B network analyser for obtaining varioméeana parameters. A network
analyser can provide much higher accuracy thareatgpn analyser. Spectrum analysers

on the other hand are used to measure signal ¢aaséics on unknown signals.

Source

signal
separaﬂun

Incident Reflected
(R) A)

RF
source
P .
i

Q
Lo
source
IF IF
b by
Port - 1 Port-2
2, b?
Cable - e Cable
DuT
-— +-—
b, a,

IF Proc
O—— BFPF HE >—— A/D display

Figure A.19 Schematic of an S-parameter measuregystem [141]

N
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Spectrum analysers are usually a single channeivers without a source and have a much
wider range of IF bandwidths than a network analyskaterpreting the results is much
easier with a network analyser than a spectrunysea[141]. Figure A.18 shows a block
diagram of a network analyser illustrating the msignal processing parts while Figure
A.19 shows the schematic of an S-parameter measuatesystem. The four main elements
of a network analyser are:

= A source to provide a stimulus

= Signal separation devices

= A receiver for detecting the signals

= A processor and display for calculating and shovirggresults.
For a modern vector network analyser, a source syrghesised sweeper; a signal
separation device is a directional coupler whitareed receiver is used for signal detection.
Finally, a sampler is used to sample the time slafedetected signal and send to A/D and

than to the display.
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