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Abstract 
 

Communication systems at microwave and millimetre wave regimes require compact broadband 

high gain antenna devices for a variety of applications, ranging from simple telemetry antennas to 

sophisticated radar systems. High performance can usually be achieved by fabricating the antenna 

device onto a substrate with low dielectric constant or recently through micromachining techniques.  

This thesis presents the design, fabrication, assembly and characterisation of microstrip and CPW 

fed micromachined aperture coupled single and stacked patch antenna devices.  It was found that 

the micromachining approach can be employed to achieve a low dielectric constant region under the 

patch which results in suppression of surface waves and hence increasing radiation efficiency and 

bandwidth.  A micromachining method that employs photolithography and metal deposition 

techniques was developed to produce high efficiency antenna devices.  The method is compatible 

with integration of CMOS chips and filters onto a common substrate.  Micromachined polymer rims 

(SU8 photoresist) was used to create millimetre thick air gaps between the patch and the substrate.  

The effect of the substrate materials and the dimensions of the SU8 polymer rims on the 

performance of the antenna devices were studied by numerical simulation using Ansoft HFSS 

electromagnetic field simulation package.  The antenna structures were fabricated in layers and 

assembled by bonding the micromachined polymer spacers together.  Low cost materials like SU8, 

polyimide and liquid crystal polymer films were used for fabrication and assembly of the antenna 

devices.  A perfect patch antenna device is introduced by replacing the substrate of a conventional 

patch antenna device with air in order to compare with the micromachined antenna devices.  The 

best antenna parameters for a perfect patch antenna device with air as a substrate medium are ~20% 

for bandwidth and 9.75 dBi for antenna gain with a radiation efficiency of 99.8%.  In comparison, 

the best antenna gain for the simple micromachined patch antenna device was determined to be ~8.6 

dBi.  The bandwidth was ~20 % for a microstrip fed device with a single patch; it was ~40 % for 

stacked patch devices.  The best bandwidth and gain of 6.58 GHz (50.5%) and 11.2 dBi were 

obtained for a micromachined sub-array antenna device.  The simulation results show that the 

efficiency of the antenna devices is above 95 %.  Finally, a novel high gain planar antenna using a 

frequency selective surface (FSS) was studied for operation at ~60 GHz frequency.  The simulation 

results show that the novel antenna device has a substantial directivity of around 25 dBi that is 

required for the emerging WLAN communications at the 60 GHz frequency band. 
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CHAPTER 1 INTRODUCTION 

1.1 BACK GROUND AND MOTIVATION 

The seemingly insatiable and growing demand for compact, multi-function, multi-

frequency electronic systems for communications and other applications, is continuing to 

drive the search for devices offering more and more bandwidth.  There is growing need for 

wideband, high gain communication systems in the X band (8 - 12 GHz) for terrestrial 

broadband communications and networking as well as for radar applications.  Similarly, 

direct broadcast satellite (DBS) and various other applications in the Ku band (10 - 14 GHz) 

such as radio astronomy service, space research service, mobile service, mobile satellite 

service, radio location service (radar), amateur radio service and radio navigation, may 

require embedded antenna systems at different bands [1].  It would be ideal if efficient, 

broadband and cost effective planar microstrip based antenna and antenna array devices 

could be designed covering all these bands.  Antennas operating in UWB scenarios face the 

difficulty to maintain invariable performances, i.e., phase linearity, radiation efficiency and 

impedance match over large bandwidth, frequency independent radiation patterns [2].   

The majority of prediction models for cellular mobile radio, for instance are based on path 

loss that is inversely proportional to the gains of the transmitting and receiving antennas 

[3].  The benefit of reduced path loss is that the base station can transmit lower power and 

there will be less variation in the signal level throughout the  cell in the case of a cellular 

system [3].  

 

For these high frequency systems, compact size and high performance can usually be 

achieved by fabricating the antenna onto a low dielectric constant material and integrating 

it with the remaining circuitry implemented on a high dielectric constant substrate in 

neighbouring regions in the same package.  This trend has serious implications for 

antennas, where these are required to be embedded within the system package, such as a 

mobile phone.  Systems operating in the microwave and millimetre-wave frequency bands 

offer the possibility of high levels of integration of individual devices in high density 

layouts.  The most compact circuit designs are invariably achieved by employing high 

dielectric constant substrates, but this is a requirement which is essentially incompatible 
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with the needs of an embedded planar antenna.  Such antennas radiate most efficiently 

when fabricated onto substrates which exhibit low dielectric constant and low substrate 

losses.  While it is not impossible to fabricate microstrip or coplanar circuits, together with 

planar antennas on the same high permittivity silicon substrate but the antenna gain and 

efficiency will inevitably be very poor [4].  The antenna gain and efficiency also decrease 

with loss tangent of the substrates as can be seen in Section 2.2.  

 

Various schemes have been suggested, in recent years, aimed at overcoming the opposing 

substrate requirements of circuits and antennas.  These largely involve the use of layered 

materials with high and low permittivity’s in adjacent layers [5, 6].  However such methods 

tend to be of quite limited versatility and the trend now is toward selective removal of 

substrate in the vicinity of the antenna.  This can be done by for example, bulk 

micromachining an air gap between the planar antenna (usually a conducting patch) and the 

ground plane.  The advantages of doing so are as follows: 

� Lower effective dielectric constant, hence wider circuit dimensions 

� Ease of fabrication and relaxed dimensional tolerances  

� Lower attenuation  

� Enhanced radiation efficiency in case of antennas 

� Eliminating surface waves 

Micromachining technology continues to develop, and it is being applied in new ways to 

embedded antennas to improve their performance.  The use of selective lateral etching 

based on micromachining techniques to enhance the performance of rectangular microstrip 

patch antennas printed on high-index wafers such as silicon, GaAs, and InP have been 

developed in the past decade [4].  Over the last decade several micromachining techniques 

have been developed for producing microwave wave and millimetre wave antennas.  

Devices using these procedures have achieved high performances compared to the 

conventional patches printed on to relatively high dielectric constant substrates.  A post-

foundry micromachining process is ideal for producing high efficiency communication 

systems by fabrication of components on thin dielectric membranes within the ICs, thus 

removing the substrate losses for critical components such as inductors and antennas by 

increasing the parallel resonant frequency of inductors and improving bandwidth and 

radiation properties of antenna structures.  

 



 3 

This project aims at developing inexpensive micromachining processes for producing SU8 

(photoresist) polymer rim based air suspended patch antenna devices.  An improvement in 

the antenna bandwidth, gain and efficiency performance for the antenna devices is 

obtained.  An aperture coupled feeding technique has been employed to reduce the feeding 

losses and a stacked patch configuration is used to improve the bandwidth of the 

micromachined patch antenna devices.  The aperture coupled feeding technique has 

intrinsic properties which make it an attractive feature for millimetre wave applications.  It 

has been found that antenna devices designed with this feeding technique can easily be 

impedance-matched by tuning the dimensions of the excitation aperture and adding a small 

tuning stub. 

 

The contributions of this thesis are related to the design, fabrication and characterisation of 

novel micromachined aperture coupled antenna device prototypes.  Several advantages 

have been shown for the proposed micromachined antenna devices including a simple 

feeding structure, a CMOS-compatible monolithic integration scheme, wide bandwidth and 

high efficiency. 

1.2 THESIS OUTLINE 

Chapter 2 contains a literature review for the design and simulation work undertaken for the 

micromachined antenna devices.  A brief history of patch antenna devices and aperture 

coupled patch antenna devices is provided.  This is followed by a review of the different 

substrate materials including the advanced polymer composites developed recently for the 

microwave and millimetre wave antenna application.  Various micromachining techniques 

and micromachined antenna devices are also presented in this chapter. 

 

Chapter 3 presents the electromagnetic analysis techniques for micromachined aperture 

coupled patch antenna devices.  This is followed by the work on design, modelling and 

simulation of the micromachined antenna devices.  The simulated results are presented for 

each of the antenna designs and compared for the reflection coefficient (S11), radiation 

pattern, gain, directivity and efficiency.  The effect of the substrate materials and the 

dimensions of the SU8 polymer rims on the performance of the microstrip and CPW fed 

micromachined aperture coupled antenna devices are discussed. 
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Chapter 4 describes the fabrication and assembly of the micromachined aperture coupled 

antenna devices.  The processes, fabrication facilities and processing parameters are 

outlined.  The fabrication of feeding and aperture features on the microwave substrates and 

radiating patch elements on polyimide and LCP (Liquid crystal polymer) substrates is 

presented. 

  

Chapter 5 presents the results from the RF characterisation of micromachined antenna 

devices based on reflection and radiation measurements.  The antenna gain and radiation 

pattern measurements were carried out in an anechoic chamber. 

 

Chapter 6 presents the conclusions and future work.   

 

Appendix A1 describes design and fabrication of a micromachined FSS (Frequency 

Selective Surface) based antenna device fabrication for high gain operation at 60 GHz.  

Full-wave simulation was carried out using commercially available software, 

MicrostripesTM, to predict the antenna performance.   
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CHAPTER 2 MICROMACHINED PATCH ANTENNAS 
 

This chapter provides a description of previous work conducted within a number of 

research areas in the development of patch antennas and the micromachined patch antenna 

devices.  A brief history of patch antenna devices and aperture coupled patch antenna 

devices is presented.  This is followed by the progress in substrate materials including the 

advanced polymer composites developed recently for microwave and millimetre wave 

antennas.  Various micromachining techniques and micromachined antenna devices are 

also presented in this chapter. 

2.1 REVIEW OF MICROSTRIP PATCH ANTENNA DEVICES 

A comprehensive review of the microstrip antenna devices and technology has been 

presented by Carver et al [7].  “The microstrip antenna concept was developed 54 years ago 

and was first introduced in the US by Deschamps [7, 8] while at the same time in France by 

Gutton and Baissinot [9].  Striplines and stripline discontinuities and their radiation patterns 

were studied initially in 1970's when work on the radiating metallic strip separated from a 

ground plane by a dielectric substrate was reported by Byron [10].  The radiating element 

was half wavelength wide and several-wavelengths long and was fed by coaxial 

connections along both radiating edges at periodic intervals.  In the project Camel, these 

radiating elements were used as an array”.  The concept of a microstrip element was first 

patented by Munson [11].  Basic work on rectangular and circular microstrip patch antenna 

elements was first published by Howell [12].  Additional work on basic microstrip patch 

elements was reported by Garvin et al [13], and Howell [14] in 1975.  Several microstrip 

geometries were developed by Weinschel for their use with cylindrical S-band arrays on 

rockets [15].  Sanford showed that the microstrip element could be used in conformal array 

designs for L-band communication from a KC-135 aircraft to the ATS-6 satellite [16].  

Munson can be credited for the development of microstrip antennas for use as low-profile 

flush-mounted antennas on rockets and missiles [7].  These microstrip antenna devices 

served as a practical concept for use in many antenna system applications. 

 



 6 

In recent years, the applications of patch antenna devices are wide spread and a number of 

the feeding methods and patch designs have been developed to meet the need of the 

different applications.  The basic configuration of a microstrip antenna consists of a 

metallic patch printed on a thin, grounded dielectric substrate [1, 17, 18] as shown in Figure 

2.1(a).  The patch element was originally fed with either a coaxial feed through the 

substrate.  An alternative type of excitation allows a feeding network on the substrate either 

by a microstrip line or a coplanar microstrip line.  Figure 2.1 also shows the microstrip edge 

fed and aperture coupled configurations for the patch antenna.  A microstrip antenna device 

has a low profile and it can be fabricated using printed circuit (photolithographic) 

techniques.  The design of microstrip antennas at microwave and millimetre wave 

frequencies is closely related to the feeding technique.  At these frequencies, there are 

several problems such as feed dimensions, soldering of probes associated with the classical 

feeding techniques, such as coaxial probe (Figure 2.1 (c)) or edge feeds (Figure 2.1 (a) and 

(b)).  These considerations are even more important for wideband applications, which 

require thicker substrates.  On the other hand, the aperture coupled feeding technique 

(Figure 2.1 (d)) has intrinsic properties which make it an attractive feature for millimetre 

wave applications. 

 

An aperture coupled feeding technique has been developed to decrease feeding loss and to 

improve the bandwidths of the patch antenna devices.  The first aperture coupled microstrip 

antenna was fabricated and tested by a graduate student, Allen Buck, in 1984, at the 

University of Massachusetts.  This antenna device was fabricated on a Duroid substrate 

with a circular coupling aperture and operated at around 2 GHz [19, 20].  Single layer probe 

or microstrip line-fed patch antenna devices are limited to bandwidths of 2%-5%.  Aperture 

coupled antenna devices have been demonstrated to provide bandwidths up to 10 - 15% 

with a single layer [21-23], and up to 30-50% with stacked patch configurations [22, 24, 

25].  The improvement in bandwidth is primarily a result of the additional degrees of 

freedom offered by the stub length and coupling aperture size.  The tuning stub length can 

be adjusted to offset the inductive shift in impedance that generally occurs when thick 

antenna substrates are used, and the slot can be brought close to resonance to achieve a 

double tuning effect.  Use of a stacked patch configuration also introduces a double tuning 

effect [5, 22, 24-32]. 
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(a) Microstrip feed  

 

 
(b) Buried line feed 

 

 
(c) Coaxial feed 

 

 
(d) Aperture coupled feed 

 

Figure 2.1 Illustration of feeding methods for microstrip antennas 

As a result, wide-band operation of this type of microstrip fed antenna has been 

demonstrated at microwave and millimetre wave frequencies using either single or stacked 

patch configurations.  Although all of the coupling methods depicted in Figure 2.1 have 

been shown to give excellent bandwidth characteristics, the indirect methods (Figure 2.1(b) 

and (d)) give rise to a high back-radiation level.  However this is only true for aperture 

coupling (Figure 2.1(d)) if the aperture is near resonance.  The aperture coupled antenna 
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and normal CPW fed antenna devices can also be fabricated at microwave and millimetre 

wave frequencies in the 5-30 GHz region [29, 32-36].  It has been found that the CPW fed 

antennas can easily be impedance-matched by tuning the dimensions of the excitation 

aperture and by adding a small tuning stub in the ground plane.  Numerous advantages arise 

for an aperture coupled configuration including those summarized previously [19] are listed 

below: 

(i) The configuration is suited for monolithic phased arrays, where active devices 

can be integrated on, for example, a gallium arsenide substrate with the feed 

network, and the radiating elements can be located on an adjacent (low 

dielectric constant) substrate, and coupled to the feed network through 

apertures in the ground plane separating the two substrates.  The use of two 

substrates avoids the deleterious effect of a high-dielectric-constant substrate 

on the bandwidth and scan performance of a printed antenna array.  

(ii)  No radiation from the feed network can interfere with the main radiation 

pattern, as the ground plane separates the two mechanisms.  

(iii)  No direct connection is made to the antenna elements, so problems such as 

large probe self reactances or wide microstripline (relative to patch size), 

which are critical at millimetre-wave frequencies, are avoided.  

(iv) Ideal for micromachined antennas.  The fabrication of a directly coupled feed 

probe would involve many fabrication steps.  

(v) The aperture coupled feeding technique has intrinsic properties which make it 

an attractive feature for millimetre wave applications.  

(vi) Wide-band operation of this type of microstrip antenna has been demonstrated 

at microwave frequencies (1 - 10 GHz) using either single or stacked patch 

configurations.   

(vii)  A simple aperture coupled antenna structure gives rise to a high back-radiation 

level if the aperture is near resonance - this problem is eliminated by adopting 

a stacked antenna configuration.  

 

A simple configuration of an aperture coupled microstrip antenna is shown in Figure 2.2.  It 

consists of a radiating patch on one substrate coupled to a microstrip line feed on another 

parallel substrate, through an aperture in the intervening ground plane.  It should be noted 

that the aperture coupled microstrip antenna can be used for both linear and circular 
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polarizations.  It requires two co-located orthogonal apertures each one excited by a 

different feed line.  Each aperture excites orthogonal linearly polarized resonances under 

the normally square patch.  The polarisation of the radiation from the patch is then 

dependent on the relative magnitude and relative phase of the signals entering the 

independent feed lines.  Circular polarisation is obtained when the signals are equal in 

magnitude and in quadrature phase.   

 

Figure 2.2 Schematic diagrams showing the aperture coupled patch antenna. 

For conventionally fed patch antennas as in (Figure 2.1(a) to(c)) it is well known that to a 

very good approximation the patch resonant frequency is dictated largely by the size and 

shape of the patch.  This is not the case in aperture coupled patches.  The aperture also has 

a resonant frequency and the coupled resonators formed by the aperture and the patch 

resonates at a frequency determined by simple filter theory.  In this section a 

micromachined microstrip fed aperture coupled antenna is studied in depth.  We then 

examine micromachined aperture coupled stacked antenna devices fed both from microstrip 

and CPW line.  Antenna performances are assessed for various antenna configurations.  

Reflection coefficient (S11), VSWR, normalise radiation pattern, gain, directivity and 

efficiency parameters are presented for a range of design parameters with the results plotted 

as a function of frequency as necessary.  The effects of these different design parameters on 

the antenna performance are discussed.  
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2.2 BASIC PROPERTIES OF MICROSTRIP ANTENNA DEVICES 

The antenna analysis presented in this section is based on approximations of a rigorous 

solution by David R. Jackson [37].  The simplified theory provides a direct insight into the 

effect of the substrate parameters such as relative dielectric permittivity (εr) and substrate 

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

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

2.2.1 Resonanant Frequency 

Figure 2.3 shows a schematic illustration of a microstrip patch antenna.  The TM10 mode of 

operation gives a broadside radiation pattern for a rectangular patch and thus it is used 

extensively.  This mode has no y variation and has a length of L that is approximately one-

half wavelength in the dielectric medium.  Thus the patch element acts as a wide microstrip 

line of width, W, that forms a transmission-line resonator of length L.  

 

 

Figure 2.3 Illustration of a microstrip fed patch antenna device 

For a rectangular patch antenna device, the TMmn mode has a normalized electric field 
given by 
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angular frequency in free space.  The resonant frequency mnf  (resonance frequency of (m, 

n) mode) is given by 
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For TM10 mode, the resonant frequency f10 is given by 
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Where c  is the speed of light and is given by 001 εµ=c                   (2.4) 

Due to the fringing fields at the ends of the patch element the electrical length of the 

element is effectively longer than the physical length.  A formula for computing the length 

L∆  associated with the fringe fields has been derived by Hammerstad [39] 
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The physical dimension, L (length as shown in Figure 2.3) of the patch can thus be 

approximated by 
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2 0 ε

     (2.6) 

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

dimensions. The frequency 0f  represents the resonance frequency of the patch cavity. 

 

2.2.2 Quality factor 

The goal in antenna design is to produce an antenna system which has high efficiency and 

large bandwidth.  These parameters are interrelated and it is hard to independently set these 

parameters.  The stored energy in the cavity region, including the energy stored in the 

fringing fields around the structure, can be calculated and then compared with the various 

losses to compute the Q (quality) factor.  The bandwidth and efficiency of an antenna 

device are related to the Q factor of the antenna device. For a resonant type of antenna such 

as the microstrip antenna, the Q factor is defined as 
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where 00 2 fπω =  is the angular resonance frequency of the patch cavity, Us is the energy 

stored inside the patch cavity, and Pin is the time average power going into the antenna 

device, which is equal to the average power being radiated plus dissipated.  A microstrip 

antenna device has dielectric loss, conductor loss, and possibly surface-wave loss.  The 

surface-wave loss depends on the environment surrounding the patch.  If the substrate 

extends beyond the patch but ends at some distance away, the propagating surface wave 

will diffract at the edge of the substrate and convert into a radiation field. In this case the 

surface wave power is not actually a loss, but the diffracted fields will typically result in 

pattern degradation. The quality factor can be expressed as 
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where spP , cP , dP , swP denotes the average power radiated (space wave), the average power 

lost in the conductors, the average dielectric power loss (substrate) and the average power 

lost in the surface wave respectively. The sum of these powers is equal to the average 

power going into the antenna device.  The total quality factor can be represented in terms of 

the individual quality factors as   
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where Qsp, Qc, Qd, and Qsw denote the space-wave, surface-wave, dielectric, and conductor 

quality factors corresponding to the power radiated into space, launched into the funda-

mental TM10 surface-wave, dissipated by dielectric loss, and dissipated by conductor loss, 

respectively. The dielectric quality factor is given by 
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where '"tan εεδ = , "ε  is the imaginary component and ε ′  is the real component of complex 

dielectric permittivity.  If the ground plane and patch metal have surface resistances sgR , 

spR , and ave
sR  denotes their average, then the conductor Q factor is given by 
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where Ω= 3770η  is the free space impedance.  The surface resistance is related to the 

conductivity of the metal, σ , and the skin depth δ  is given by 
 

σωµ
δ

0

2=                                         (2.12) 

ave
sR can then be expressed as  

σδ
1=ave

sR                                         (2.13) 

The Q factor that accounts for the radiation into space is given as 
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where Le = L + 2∆L and We = W + 2∆W are the effective length and width of the patch.  

The fringing length, L∆  is given by equation 2.5, while the fringing width is approximately 

given by 


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π

4ln
hW                                                                (2.15) 

Thus, the space wave quality factor spQ of the antenna is inversely proportional to the 

substrate thickness h, for a given substrate material. The quality factor due to the surface 

wave is given by  
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where hed
re denotes the radiation efficiency of the patch when accounting for only surface-

wave loss, and not dielectric or conductor loss.  The value of hed
re  can be obtained from 

equation 2.27.  

2.2.3 Input Impedance and Bandwidth 

From simple circuit theory, the input impedance of a patch antenna is given by [37] 

)
1

(1
R

r

pin

f
fjQ

R
LjZ

−+
+= ω                                                           (2.17) 
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where pL  represents the probe inductance (microstrip feed line) and the frequency ratio is 

defined as fR = f /f0, with f0 being the resonant frequency of the patch cavity (the resonance 

frequency of the RLC circuit).  The impedance resonance frequency of the patch (the 

frequency for which the input reactance is zero), is denoted by fr, due to the presence of the 

feed line reactance.  The term, R, represents the input resistance of the patch at the cavity 

resonance frequency f0 (fR = 1), at which the input resistance is a maximum.  The total 

quality factor Q  is given by equation 2.8.  At the impedance resonance frequency fr, the 

relation between the input resistance and the probe reactance is given approximately by 

[37] 
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R
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where pp LX 0ω=  and 0ω  is the angular frequency at f0.  Thus from equation 2.18, at the 

impedance resonant frequency, fr, the input resistance inR  will be slightly lower than the 

maximum value of R.  Figure 2.4 shows the equivalent circuit model for the microstrip-fed 

patch antenna device where pL represents the probe inductance (microstrip feed line) and R, 

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

respectively. 

 

Figure 2.4 Circuit model for the microstrip-fed patch antenna device. 

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

by an amount 0fff r −=∆  given by the approximate relation as below [37] 
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The bandwidth of the patch element can be defined from the frequency limits at which the 

voltage standing-wave ratio (VSWR) reaches a certain value, assuming that the feeding 

transmission line that connects to the patch is perfectly matched at the resonant frequency.   

The impedance bandwidth is defined from the frequency limits f1 and f2 at which VSWR is 

equal to 2.0 (-10 dB impedance bandwidth) 

rf

ff
BW 12 −=                                                                    (2.19)

 

where fr is the impedance resonant frequency of the patch, and f1 and f2 are the low and 

high frequencies on either side of the resonance frequency at which VSWR (Voltage 

Standing Wave Ratio) = S, with S being a prescribed value. The bandwidth is given with 

respect to ‘Q’ of the patch antenna by  

QS

S
BW

1−=                                                              (2.20) 

For the commonly used definition S = 2 (reflective coefficient of about -9.54 dB), we have  

Q
BW

2

1=                                                             (2.21) 

The relationship between the reflection coefficient (S11) and VSWR is given by 
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Where 11S is given by 

0

0
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−=                                                      (2.23) 

where 0Z is the characteristic impedance and is usually 50 ohms for a microwave circuit.  

By using equation 2.9 (total quality factor), the bandwidth can thus be defined as  
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Where ld = δtan  is the loss tangent of the substrate.  The width W of the patch element is   

usually larger than the length L in order to increase the bandwidth. From the relationship 

above, one can see that  the bandwidth is inversely proportional to permittivity and directly 

proportional to the thickness (h) of the substrate. 
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2.2.4 Radiation Efficiency 

The radiation efficiency is the ratio of power radiated into space to the total input power 
and is given by 
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where Pr is the radiated power, Ptot is the total input power, Pc is the power dissipated by 

conductors, Pd is the power dissipated by dielectric and Psw is the power launched into 

surface wave.  The radiation efficiency is less than 100% due to the conductor, dielectric 

and surface-wave power losses. The radiation efficiency can also be written down as 
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The above expression is obtained from the Sommerfeld solution for an x directed unit 

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

where 

 

hed
sp

hed
sw

hed
sw

hed
sp

hed
sphed

r

p

ppp

p
e

+
=

+
=

1

1                                             (2.27) 

where hed
spp  is the power radiated into space and hed

swp  is the power launched into the surface 

wave. This term is the radiation efficiency of a horizontal electric dipole (hed) on top of the 

substrate. This efficiency is approximated by that of a unit-amplitude infinitesimal 

horizontal electric dipole (hed) on the substrate.  It can be shown that 
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Hence we have,  

( )
3

1
0

1
1

1

4

3
1

1









−








+

=

r

hed
r

c
hk

e

ε
π

                                      (2.30) 



 17 

 

The constants are defined as  
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where 16605.02 −=a  

0914153.02 −=c  

00761.04 =a  

2.2.5 Directivity and Gain 

 
The directivity of the patch antenna elements is given by [37] 
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where 

( ) )/()tan(tan 111 hkhkhkc =                                          (2.34) 

The antenna gain is defined as 

DeG r=      (2.35) 

To illustrate the effect of substrate properties on antenna performance, four antenna devices 

are designed.  The performance parameters are calculated using the expressions presented 

in the previous section.  The results and the design parameters are summarised in Table 2.1.  

For a low permittivity substrate such as air, rε  = 1, tan δ = 0 and a good conductor like 

copper with σ = 5.8 x 107S/m, the length of patch element of L = 9.5mm, width W 

=11.5mm, (W/L=1.21) and substrate thickness of 1.5mm, the antenna bandwidth is 8.59%, 

the directivity is about 9.8 dBi and the antenna gain is about 9.75 dBi with an efficiency of 

99.8%.  For a high permittivity substrate such as Rogers RO3010TM, rε  = 10.2, with the 

length of patch element (L) = 2.5mm, width (W) =3.025mm (W/L=1.21), the antenna 

bandwidth is 1.53%, the directivity is about 7.59 dBi, the antenna gain of 4.7 dBi with the 

antenna efficiency of 61.9%.  Thus, increasing the permittivity of the substrate decreases 

the antenna efficiency considerably for the patch antenna device and hence the gain of the 
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antenna device.  It also decreases the bandwidth of the antenna device.  Micromachined 

aperture coupled patch antenna devices are presented in this thesis that are separated from 

the ground plane with a thickness (height) of up to 3 mm.  For air, with substrate thickness 

of 3 mm, rε  = 1, with the length of patch element of 9.5mm, width of 11.5mm (W/L=1.21), 

the antenna bandwidth is 15.15%, the directivity is about 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 conventional patch antenna device 

 
rε =1, 

h = 1.5mm 

(W/L =1.21) 

rε =1, 

 h = 3mm  

(W/L =1.21) 

rε =10.2, 

 h = 1.5mm,  

(W/L =1.21) 

rε =1, 

h = 1.5mm 

(W/L =1.5) 

Resonant 

frequency (GHz) 

13.08 11.25 13.1 12.981 

Bandwidth (%) 8.59 15.15 1.53 9.88 

Directivity (dBi) 9.8 9.31 7.59 10.3 

Radiation 

efficiency (%) 

99.8 99.81 61.9 99.9 

Gain (dBi) 9.75 9.25 4.7 10.28 

 

Thus increasing the thickness of the substrate increases the bandwidth of the antenna device 

while no significant effect on the directivity of the patch antenna device.  For air, with rε  = 

1 and with the length of patch element of L = 9.5mm, width  of W =14.25mm (W/L=1.5) 

and substrate thickness of 1.5 mm, the antenna bandwidth is 9.88%, the directivity is about 

10.3 dBi, the antenna gain is about 10.25 dBi with the antenna efficiency of 99.9%.  By 

increasing the W/L ratio the bandwidth of the antenna device, the bandwidth and gain 

increases minimally.  The patch dimensions of L = 9.5mm, W =11.5mm (W/L=1.21) are 

chosen so that the antenna parameters can be compared with the micromachined aperture 

coupled patch antenna devices.  
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2.3 APPLICATIONS OF PATCH ANTENNA DEVICES 

The applications of the microstrip antennas are numerous as they are light in weight and 

can be designed to operate over a large range of frequencies.  These antenna devices can be 

integrated easily to form linear or planar arrays and can be used to generate linear, dual, and 

circular polarizations of electro-magnetic radiation.  These antennas are inexpensive to 

fabricate using printed circuit board etching method.  They are used in applications such as 

cellular and satellite communications, radars and GPS receivers.  However, the narrow 

bandwidth (1-5%) of microstrip antennas restricts their application to single and 

narrowband frequencies [1].  An antenna is one of the largest components in the radar and 

millimetre wave systems, therefore reducing antenna size is increasingly important in order 

to make compact radar systems.  Higher operation frequencies can be a solution for 

miniaturised light weight antenna systems.  On the other hand, patch antennas have been a 

natural choice for integrated antennas because they are low profile, simple and low cost.  

Integrated antennas require good understanding of several different areas of microwave 

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

Table 2.2 Applications of patch antenna devices 

Plat form Systems 

Aircraft Radar, communications, navigation, altimeter, aircraft 

landing systems 

Missiles Radar, fusing, telemetry 

Satellites Communications, direct broadcast TV [41], remote sensing 

radars and radiometers [42] 

Ships Communications, radar, navigation 

Land vehicles Mobile satellite telephone, mobile radio [42] 

Other Bio-medical systems [43, 44], intruder alarms [45], 

cognitive Local Multipoint Distribution Service (LMDS), 

FWA (Fixed wireless access) [46], Wireless Personal Area 

Network (WPAN) [47], Millimetre wave and terahertz 

sensors [48], on chip communications [49] etc.  
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Antenna design considerations with these circuits, components and device combination 

effects are also important.  Device biasing circuits disturb antenna radiation properties 

while the antenna configuration may degrade the component function characteristics.  A 

complete RF design, simulation and integration approach is required that includes passive 

devices (antennas and filters etc) and active circuits (RFIC’s, microcontrollers etc) for an 

integrated antenna system [49].  Some of the applications of microstrip antennas are 

summarised in Table 2.2. 

2.4 SUBSTRATES FOR PATCH ANTENNA DEVICES 

A substrate is a low loss rigid material that supports the radiating patch and the ground 

plane for a conventional patch antenna device.  The rigid dielectric substrate makes the 

microstrip patch antennas to be distinctive to other non-conformal antenna devices like 

horn antennas and reflector antennas etc.  The quality of a mass produced printed antenna is 

directly related to the substrate and connector materials. 

2.4.1 Conventional substrates for microwave antenna applications 

Substrate technologies and materials have been in development over the years.  Plastic and 

alumina substrates have been extensively used in the past while the use of low loss and low 

permittivity substrates are more common in recent years [1, 17, 18].  Lower permittivity 

substrates reduce surface wave propagation effects but it is difficult to reduce the radiation 

from the feeding elements.  Many substrate materials are available in today’s market with 

dielectric constants in the range of 1.17-25 and that of loss tangents in the range of 0.0001-

0.004.  In general, the radiation efficiency of conventional microstrip patch antennas 

decreases with increase in substrate thickness or permittivity as a result of the losses due to 

surface wave propagation [37, 50-52].  The resonances (for example TM110) cease to exist 

once the dielectric substrate thickness reaches 0.11λ and as a result the antenna radiation 

ceases to propagate [51, 53].  The various substrate materials that have been developed over 

the years are presented in Table 2.3.  Apart from the dielectric constant and loss tangent, 

the other parameters that are critical for the substrates are dimensional stability and 

operating temperature range.  The dimensional stability is critical for the 

sensitivity/reliability of the antenna device in terms of the frequency of operation since any 

change in dimensions is directly transformed into a change in frequency of operation for the  
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Table 2.3 Overview of microwave substrates (reprinted from [7] and measured at X band 
frequencies) 

Substrate εr 

(X band) 

tan δ 

 (X band) 

Dimensional 

stability 

Temperature 

range in (oC) 

PTFE unreinforced 2.10 0.0004 poor -21 to +260 
PTFE glass woven web 
 

2.17 
2.33 
2.45 
2.55 

0.0009 
0.0015 
0.0018 
0.0022 

excellent 
 

very good 
 

-27 to +260 
 

-27 to +260 
 

PTFE glass random fiber 2.17 
2.35 

0.0009 
0.0015 

fair 
 

-21 to +260 
 

PTFE quartz reinforced 2.47 0.0006 excellent -21 to +260 
Cross linked poly 
styrene/woven quartz 

2.65  
0.0005 

good -21 to +260 

Cross linked poly styrene/ 
ceramic powder-filled 

 
3 to 15 

from 
0.00005 
to 0.0015 

 
fair 

 
-27 to +110 

Cross linked poly styrene/ glass 
reinforced 

2.62 0.001 good -21 to +110 

Irradiated polyolefin 2.32 
 

0.0005 poor 27 to +l00 

Irradiated polyolefin/ glass 
reinforced 

2.42 0.001 fair -27 to +l00 

Polyphenylene oxide (PPO) 2.55 0.00016 poor 
 

-27 to +193 

Silicone resin ceramic 3 to 25 from 
0.0005 

fair to 
medium 

-27 to +268 

Powder-filled Sapphire 9.0 0.0001 excellent -24 to +371 
Alumina ceramic 9.7 to 10.3 0.0004 excellent to 1600 

Glass bonded mica 7.5 0.0020 excellent -27 to +593 

Hexcell (laminate) 
 

1.17 to 
1.40 at 1.4 

GHz 

- 
 

excellent 
 

-27 to +260.  
 

Air with/rexolite standoffs 
Fused quartz 

3.78 
 

0.001 
 

excellent 
 

- 
 

FR4  4.2 at 8.4 

GHz [54] 

0.020 [122]   

LTCC- DuPont 943 
material 

7.3 at 40 

GHz [55] 

0.0004 [56]   
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antenna device.  The temperature range of operation determines the applications in which a 

particular substrate can be used.  Comparative data on most substrates (2.1 < εr < 25) are 

given in Table 2.3.  One of the commonly used substrate for microwave applications is 

based on polytetrafluoroethylene (PTFE) with either glass woven web or glass random fibre 

because of (a) its desirable mechanical and electrical properties and (b) availability of the 

substrate in a wide range of sheet size and thickness.  Glass fibers are available in 

thicknesses ranging from 0.508 mm to 3.175 mm.  Due to the discontinuous nature of the 

fibre and relatively soft and deformable polymer matrix, this material can be coated on 

complex surfaces such as PTFE whereas heating the material accelerates the stress relief.  

Apart from sheets, this material is also available in shapes such as rods or cylinders.  

Alumina based ceramics (9.7 < εr < 10.3) are often used for applications requiring high 

dielectric constants.  Typical commercially available substrates are K-6098 teflon/glass 

cloth (εr ≈ 2.5), RT/duroid-5880 PTFE (εr ≈ 2.2), and Epsilam-10 ceramic-filled teflon (εr ≈ 

10). 

2.4.2 Polymer and ceramic composites for microwave applications 

Polymers are gaining more importance, either in pure form or along with ceramic powders 

as substrates for RF and optoelectronic devices.  For example, polymers have been used in 

the field of optoelectronics to produce mechanically flexible “electronic paper” [57, 58] and 

for high-efficiency light-emitting diodes [59].  Liquid crystal polymers (LCPs) have 

displayed attractive properties like low loss, low water absorption and low cost and have 

been proposed for system-on-package (SoP) applications [60].  The polymer ceramic 

composites were proposed as substrate materials for a scanning antenna by Yashchyshyn et. 

al [61].  Hunt et al [62] have proposed the inclusion of metallic dopants within the substrate 

with no limitation on substrate thickness.   

 

The most widely used silicone-based organic polymer is PDMS which is known for its 

unusual rheological/flow properties: It is non-flammable, water- and chemical resistant and 

stable at high temperature.  It can be used as a substrate for patch antenna devices at 

microwave frequencies.  BT-, BBNT-, and MCT-type powders posses a wide range of 

available dielectric constants among the various shades of commercial ceramic powders 

available namely LTCC and high-temperature co-fired ceramics (HTCC).  Due to its 

ferroelectric properties, BT had shown to be widely employed in capacitor technology by 
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Popielarz et al [63].  It is usually mixed with polymers [64, 65] and depending upon its 

chemical form, grain size, environmental temperature and the added dopants, it 

demonstrates a wide range of attainable dielectric permittivity (from a few tens to a few 

thousands) values.  BBNT is categorized under the LTCC group of ceramic powders and 

exhibits a dielectric permittivity of up to 100 [66] whereas the MCT powder is an HTCC 

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

 

 

Figure 2.5Fabrication procedure for the proposed substrate.(a) PDMS is prepared by 
mixing silicone gel (b) procedure for ceramic adding and (c) schematic representation of the 

procedure [57] 

Patch antenna devices were fabricated by printing on a powder based substrate by 

Koulouridis et al [57].  Figure 2.5 shows the fabrication procedure for the proposed 

substrate.  The rectangular patch elements were printed on a substrate with 20% BT volume 

and 10% MCT volume mixtures in PDMS.  A 50 coaxial cable was used to feed the patches 

and Ansoft HFSS tool was used to carry out the simulations for comparison.  As shown in 

Figure 2.6, the previously found dielectric constants are verified as the measured and 

simulated reflection coefficients for the three samples are in agreement.  Figure 2.6 (a) 

shows the antenna gain measurements along with their corresponding simulated results for 

the three substrates.  As expected, at bore sight, a higher BT/PDMS loss tangent results in a 

rather low gain of 0.5 dBi.  In contrast, the gain is recovered and is near 5 dBi when the 

substrate is pure PDMS.  Moreover high gain values of about 5dBi are achieved by 

MCT/PDMS substrates.  A drawback of this method i.e. the low efficiency of the print 
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metal associated with the metal patterning on the PDMS substrate in the microwave and 

millimetre wave frequency regimes [67]. 

 

Figure 2.6 (a) Gain and (b) reflection coefficient for a 24 mm × 24 mm patch antenna 
placed on a BT/PDMS substrate (20% volume ratio), a MCT/PDMS substrate (10% volume 

ratio) and a pure PDMS substrate [57] 

2.4.3  Liquid crystal polymer based antenna devices for SOP applications 

Organic materials such as Duroid [68, 69] and FR-4 [70] have been explored in the past for 

SOP (System on a package) applications.  These materials are inexpensive and have low 

loss up to 10 GHz.  Liquid crystal polymer (LCP) is a unique material for SOP 

applications.  It is a low-cost, flexible material with low dielectric loss to well over 100 

GHz [71].  It can be fabricated in large panels or on long rolls.  Moreover, reliable RF 

MEMS circuits can be fabricated directly on the material.  A 14 GHz phased array antenna 

for use in a NASA earth observing satellite system packaged using system-on-package 

technology and LCP has been demonstrated for the first time by Kingsley et al [68].   

 

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

distribution network, biasing circuits, and an antenna array [68].  The antenna geometry 

was designed using equations based on the design of the conventional patch antenna 

devices.  The dielectric constant for the 100 µm thick LCP material used in the package is 

2.95.  The simulated directivity for the single patch antenna device on this package was 

6.94 dB and it was 12.49 dB for the 2×2 antenna array. 
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Figure 2.7 Multilayer implementations of the antenna arrays in LCP[68] 

 

Figure 2.8 Layout of single-layer antenna array. The 2×2 patch antenna array, MEMS 
phase shifters, bias lines, and LNA pads are shown [68] 

2.5 MICROMACHINED PATCH ANTENNAS 

Microwave and millimetre wave design solutions with large density layouts require 

integration of individual devices, circuitry, and radiating elements that offer light weight, 

small size, and optimum performance.  Compact circuit designs are typically achieved in 

high-index materials, which is in direct contrast to the low-index substrates imposed by 

antenna performance requirements [4].  Although one can directly fabricate microstrip, 

coplanar circuits and antennas on high resistivity silicon and MMIC (Monolithic 

microwave integrated circuits) substrates, the RF losses is high.  A system of high-low 

dielectric constant layers have been proposed in the past to increase the efficiency and 
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bandwidth of the patch antenna elements [6].  A radiating patch antenna occupies a major 

portion of the surface area for a modern communication device or a sensor device.  The 

high dielectric constant of these substrates, leads to the possibility of excitation of surface 

waves and degrading the radiation efficiency of the patch antenna devices.  These problems 

can be overcome by introducing a small air gap between the microstrip line, radiating patch 

element and the ground plane.  The air gap can be easily created using a bulk 

micromachining technique [72].  In addition, micromachining is also a viable method for 

fabricating resonators, waveguides, filters etc at millimetre wave frequencies [73-75].  

 

Patch antenna based systems have major operational disadvantages at microwave and 

millimetre wave regions of the electromagnetic spectrum such as narrow bandwidth and 

low gain due to their inherent low efficiency.  Compact size and high performance can be 

achieved at these frequencies by integrating a patch antenna on a low dielectric constant 

material substrate with the remaining circuitry on the high dielectric constant substrates 

within the same package.  As the micromachining technology is being developed, it has 

been applied to antenna elements to improve the overall system performance.  The use of 

selective lateral etching based on micromachining techniques to enhance the performance 

of rectangular microstrip patch antennas printed on high-index silicon, GaAs, and InP based 

substrate wafers have been developed in the past decade.  Other techniques such as ultra 

thick photoresist micromachining and spin-on low dielectric constant photoresists have 

been proposed for millimetre wave antennas.  All of these approaches have achieved high 

gain and efficiency performances compared to the conventional printed patch antennas on a 

high dielectric constant substrate.  The various micromachining methods for patch antenna 

devices from the available literature can be categorised as follows: 

• Silicon micromachining 

• Polymer micromachining 

• Millimetre wave antennas using low K Spin-on dielectric substrates 

• Integrated chip-size antennas using Laser micromachining:  

• LTCC Micromachining  

These micromachined methods are outlined in the rest of the chapter.  This PhD thesis was 

aimed at developing low cost micromachining processes for producing air suspended patch 
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antenna devices.  The chapter emphasizes improvement in the antenna bandwidth, gain and 

efficiency performance for the antenna devices fabricated using these methods.  An 

overview of the available micromachining methods and techniques will enable to compare 

these methods with the performances achieved by the micromachining method developed. 

2.5.1 Silicon micromachining 

In order to integrate patch antennas into the circuit designs on high index substrates without 

substantial loss of the advantages, the radiating elements should be housed in the low-index 

regions of the substrates that possess low index of refraction.  This is achieved by utilising 

micromachining of a portion of the substrate material.  The silicon material was removed 

laterally underneath the patch antenna to produce a cavity that consists of a mixture of air 

and substrate with equal or unequal thicknesses has been implemented in [4, 76-78].  In the 

following section, the silicon micromachined devices are described based on the patch 

antenna feeding techniques. 

2.5.1.1 Microstrip edge feed 

One particular silicon micromachined antenna device as presented by Thompson et al [4] 

consists of a rectangular patch centred over an air filled cavity, with the patch elements 

sized according to the effective index of the cavity region and is fed by a microstrip line.  

Figure 2.9 shows the test fixture and geometry of the micromachined patch antenna with 

mixed air-substrate region that is laterally etched.  To produce the mixed substrate region 

(air cavity), silicon micromachining was used to laterally remove the material from 

underneath the specified cavity region resulting in two separate dielectric regions of air and 

silicon.  The amount of silicon removed varies from 50 to 80% of the original substrate 

thickness underneath the patch.  The walls of the hollow cavity were in general slanted due 

to the anisotropic nature of the chemical etching.  A traditional modelling technique such as 

a cavity model can estimate the reduced dielectric index value.  The resultant antenna has 

shown superior performance over conventional designs where the bandwidth and the 

efficiency have increased by as much as 64% and 28% respectively.  
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(a) 

 

(b) 

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

2.5.1.2 CPW feed  

A CPW feeding technique in principle eliminates the need for thicker substrates at 

microwave and millimetre wave frequencies. This feeding technique also simplifies the 

photoresist based micromachining processes.  Abdel-Aziz et al have presented a 26.6 GHz 

patch antenna using MEMS technology [79].  A patch is suspended over a thin dielectric 

layer (membrane), which is deposited on a high index silicon substrate.  In addition, the 

silicon substrate is fully etched under the patch, creating an air cavity region of very low 

dielectric constant (εr = 1).  

 

(a) 

 

 (b) 

 Figure 2.10 (a) Patch antenna suspended over membrane (b) Photograph of the fabricated 
patch antenna [79]  

The antenna is directly fed using a microstrip line while a CPW-microstrip transition was 

used for probe measurements of the antenna reflection coefficient.  The design was 

performed using the 3D electromagnetic simulator HFSS.  The measured antenna reflection 

coefficient was -17dB at 26.6 GHz, and the bandwidth was 4.5%.  The antenna had a 
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radiation efficiency of 61.7% and directivity of 7.9 dBi.  The measured antenna cross-

polarization level was less than -20 dB in both the E- and H-planes [79].  

 

 

(a) 

 

(b) 

Figure 2.11 (a) Insertion loss and reflection coefficient for a silicon micromachined antenna 
device (b) CPW-microstrip transition [79]  

2.5.1.3 Aperture coupled feed  

 

Silicon micromachining has also been employed for aperture coupled patch antenna 

configuration at millimetre wave frequencies.  An aperture-coupled micromachined 

microstrip antenna at an operation frequency of 94 GHz was studied by Gauthier et al [80].  

The design consists of two stacked silicon substrates.  The top substrate which carries the 

microstrip antenna was micromachined to improve the radiation performance of the 

antenna whereas the bottom substrate was used as a carrier for the microstrip feed line and 

the coupling slot.  The cross-section view along with the dimensions of the silicon wafers 

are shown in Figure 2.12.  

 

For an antenna built on a 100 µm thick silicon wafer, reflection coefficient was measured to 

be about -35 dB at 92.5 GHz with a -10 dB bandwidth of 4%.  A reflection coefficient of < 

-18 dB at 94 GHz with a -10 dB bandwidth of 10%, were obtained for the micromachined 

microstrip antenna respectively. 
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                                                  (a)                                                  (b) 

 Figure 2.12 (a) Top view and (b) cross sectional view of the aperture-coupled 
micromachined microstrip antenna with all dimensions in microns [80]  

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

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

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

maximum efficiency of 58.5% was measured and the radiation patterns show a measured 

front to back ratio of -10 dB at 94 GHz.  Due to the integration of small 50 µm silicon 

beams between the antennas, the measured mutual couplings were below -20 dB in both E 

and H plane directions.   

 

Figure 2.13 Measured and simulated input impedance of the microstrip antenna on a full 
100 µm thick silicon substrate [80]  
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2.5.2 Polymer micromachining 

A photoresist based micromachining method can be employed to fabricate an air suspended 

patch antenna by either using metallic supporting posts or polymer posts.  Antenna 

structures at different frequency bands require different air cavity thicknesses to achieve 

optimum antenna performance and better impedance matching.  Photoresist based polymers 

such as SU8 and THB151N can be used to obtain ultra-thick supporting posts and can also 

be used as moulds for fabricating ultra-thick electroplated metal posts.  One such polymer 

micromachining method has been reported by Ryo-Ji et al [81].  Other polymer 

micromachined processes are described below. 

2.5.2.1 CPW fed THB151N based post supported patch antenna 

 

A CPW-fed post supported patch antenna array at 60 GHz that is fully compatible with 

commercial CMOS process has been fabricated by Hyung Suk Lee et al [82].  The antenna 

device is supported in air and thus shows broadband characteristics.   

 

(a) 

 

(b) 

 

(c) 

Figure 2.14 Proposed CPW-fed post-supported MEMS antenna devices for (a) Single post 
structure.  (b) Additional supporting posts structure.  (c) Half size structure with shorting 

wall [82]  



 32 

In addition, a 2×1 patch array antenna without λ/4 impedance transformer (a λ/4 

transmission line) was designed with a simple feeding network.  The structure of the 

proposed antenna is shown in Figure 2.14.  The antenna device consists of a CPW feed line, 

a feeding post, two supporting posts and a radiating patch.  Better performance is observed 

by the CPW feed line than the microstrip line at millimetre wave frequency.  Due to the 

placement of ground planes in the vicinity of the signal line, the electromagnetic field can 

be guided more efficiently.  While maintaining the same characteristic impedance, 

adjustments can be made to the width of the CPW signal line and the gap between the 

signal line and the ground.  The CPW feed line is on the substrate with a high dielectric 

constant, whereas the radiating patch is suspended in air.  Therefore the radiating patch and 

the feed line can be optimised separately.  The patch is supported with two metal posts 

which are located at the virtual ground of the patch (the centre of E-plane); the electrical 

performance of the antennas is not affected by the additional supporting posts.  A simple 

feed line network design can be used, when it is designed as a patch antenna array.  

 

(a) 
 

(b) 

Figure 2.15 (a) Fabricated 2×1 patch antenna array  (b) Measured input reflection 
coefficient of 2×1 patch antenna array [82]  

The antenna device was fabricated on the glass substrate of Corning 7740 with a thickness 

of 800 µm and a dielectric constant of 4.6.  Copper was used for metallisation.  The feed 

line of the antenna was fabricated using a thick film photoresist (AZ9260) and in order to 

form the posts of the antenna using THB151N photoresist, a two-step coating process was 

performed.  The simulated antenna gain and radiation efficiency were obtained from 5.6 

dBi to 9.0 dBi and from 92.8% to 97.4% for single patch antennas, respectively.  In the case 

of a 2 × 1 patch antenna array, the simulated antenna gain and the radiation efficiency were 

from 5.8 dBi to 11.2 dBi and from 93.6% to 95.3% respectively.  The suspension of the 
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patch in air increases the bandwidth as the effective dielectric constant of the space between 

the patch and the ground plane decreases thus decreasing the Q factor of the device and 

thereby increasing the bandwidth.  The relationships between the Q factor, the relative 

permittivity, the bandwidth and efficiency for a conventional rectangular patch antenna 

device are outlined in Section 2.2. 

2.5.2.2 Negative photoresist based microstrip fed patch antenna 

 

A combination of substrate micromachining and SU8 photoresist based micromachining 

has been proposed by Pan et al [83].  In order to elevate the feeding lines and the antennas, 

multiple wells with stepped depths are fabricated into the wafer.  A positive photoresist NR 

9000 has also been used.  To maximize the radiation, the microstrip fed patch antenna is 

required to be air-lifted by several hundred microns.  However, a 50Ω microstrip line will 

be several millimetres wide when it is being elevated into air by the same height.  This 

width is comparable with the size of the patch antenna in Ka-band, thus the parasitic 

radiation generated from the feeding microstrip cannot be ignored.   

 

To reduce the radiation, microstrip feeding lines were put into the shallow wells while the 

patch antennas used deeper wells to enhance radiation in order to obtain optimal 

performances.  Since the feeding network and the antenna array were at the same level of 

height, only polymer posts were needed for this integration scheme.  This in turn has 

reduced the fabrication complexity significantly.  The fabrication steps are shown in Figure 

2.16.  Full wave simulation predicts a -10 dB bandwidth of 7%.  A nearly constant 

broadside radiation pattern has been demonstrated, with a directivity 10.4 dBi at the centre 

frequency and low side/back lobes (< -20 dB).  

 

Figure 2.16 Fabrication steps of the multi-depth well integration scheme [83]  
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2.5.2.3 Ultra thick SU8 based post supported antenna 

 

Pan et al have presented for the first time an air-lifted patch antenna by means of surface 

micromachining technology [84].  SU8, a relatively new negative tone photoresist, was 

used to fabricate an elevated patch antenna with micromachined posts of around 800 µm in 

height.  In order to provide mechanical support as well as electrical feeding (metal posts), 

both of the metal and polymer posts were used.   

 

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

The fabricated prototype is shown in Figure 2.17.  A 7% -10 dB bandwidth, centered at 25 

GHz was observed.  In terms of bandwidth, efficiency and lower side lobe, the proposed 

structure is superior to the conventional patch.  In case of the traditional patch antenna 

directly printed on substrate, it usually provides a 3 - 5% bandwidth and about 70%-80% 

radiation efficiency, whereas in case of the proposed elevated patch, the fractional 

bandwidth is doubled and as a result of eliminating the 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 on a variety of substrates, was 

also reported by Pan et al [86].  A 2-D to 3-D conversion based feeding scheme was also 

proposed and optimised.  A chromium coated soda-lime glass (Telic Co.) was used as the 

substrate.  The chromium film was patterned for the monopole column definition using a 

standard photolithography.  A SU8 epoxy film (800 µm) was coated on the substrate to 

define the monopole height.  Deposition of titanium and copper using a DC sputterer was 
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performed to produce a conformal seed layer.  A thin (5 µm) SU8 film was spin-coated on 

the substrate and patterned to define the signal path as well as ground pads using a 

proximity photolithography due to the uneven surface.  A gold layer of up to 2 µm of 

thickness was electrodeposited through the bottom mould as well as column surface.  The 

thin SU8 film, the seed layer and the bottom chromium layer were removed sequentially to 

complete the fabrication process.  Both the simulation and measurement results 

demonstrate the broadband nature of this kind of antenna structure.  Reflection coefficient 

of -16 dB and -50 dB were measured for two monopoles resonating at 85 GHz and 77.5 

GHz respectively. . The difference in the simulation and the measurement results in Figure 

2.18 (c) is attributed to fabrication tolerance in the monopole height.  Upper-band loss 

shown is caused by fabrication variance, or more specifically due to the defective 

conductive path (metal thickness, also electrical connection between monopole and CPW 

center line) on that sample [86].  

 
 

(c) 

Figure 2.18 (a) A photomicrograph of 3×3 monopole array (b) An SEM image of a single 
monopole antenna.  (c) Measured and simulated S11  plots for monopole antenna for a height 

of 880 µm [86]  

2.5.2.5 SU8 based horn antenna devices 

 
A V-band SU8 micromachined horn antenna device has been reported by Bo Pan et. al 

[87].  Murad et. al have presented a SU8 based micromachined horn antenna device that is 

fed by a V band waveguide [88].  

2.5.2.6 Polymer based reconfigurable antenna devices 

 
The polymer based fabrication technology has been also extended to the patch antenna 

arrays and reconfigurable antennas.  A surface micromachined, fully integrated planar 4×4 

phased array antenna operating at 36 GHz has been demonstrated by Lukic et al [89, 90].  

The array element is a cavity backed patch fed by a rectangular coaxial probe and 
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supported by two metallic posts.  The array element is an all copper, recta-coax fed, air-

cavity backed patch and is built using a sequential micro-fabrication technique, the 

PolyStrataTM process.  The complete structure was built from ten layers having an overall 

height of about 760 µm above the silicon.  The impedance bandwidth of the individual 

elements is about 5.1% at around 36 GHz.  The simulated results with a finite element 

method (FEM) based software Ansoft HFSSTM and a finite integration technique (FIT) 

based software CST Microwave StudioTM show that the element radiation patterns are 

symmetric in both E- and H- planes, each having efficiency above 95% and a gain of 6.8 

dBi with ultra-low cross-polarization levels.  The higher efficiency is attributed to the air 

cavity backed patch configuration. 

 

A novel air suspended integrated antenna with frequency reconfigurability for compact 

integration with active devices has been presented by Cho et al [91].  The floating patch on 

an HRS (high resistive substrate) substrate gives wideband and high efficiency 

characteristics for antennas.  An HRS wafer with εr = 11.2 and g2 = 300 µm is used to build 

up the MEMS antennas.  The parameters, gl, t, and I as shown in Figure 2.19 are set to be 

300 µm, 10 µm, and 0.29 mm respectively.  The MEMS antenna was designed for the 

BWA (Broadband Wireless Access) of IEEE 802.16 at 42 GHz initially.  

 

(a) 

 

(b) 

Figure 2.19 (a) Top view of original MEMS antenna (b) Side view of MEMS antenna [91]  

The design shown in Figure 2.19 (a) is modified by moving a metallic post close to the 

radiating edge of the patch as shown in Figure 2.20 (a) in order to achieve frequency 

agility.  Here, h1 denotes the gap between the metallic posts and h2 denotes the spacing 

between the metallic posts and the non radiating edge of the patch as shown in Figure 2.20 
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(a).  To verify the designs, the floating-patch MEMS antenna devices are fabricated using 

the surface micromachining and the thick photoresist (THB-15INT) lithography process.  

The bandwidth is almost 6 GHz (40 to 46 GHz).  The measured antenna gain and the 3 dB 

beam width are 12 dBi and 30o at 42 GHz, respectively while the simulated antenna gain is 

13.2 dBi.  The increase in strip length, h1, results in a decrease in the resonant frequency.  

This is due to the increase in capacitive loading at a radiation edge.  The frequency shifting 

characteristics have been proposed and can be implemented for a reconfigurable antenna 

with the RF MEMS switch.  

 

(a) 

 

(b) 

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

2.5.3 Millimetre wave antennas using low K Spin-on dielectric substrates 

Low K spin-on dielectric substrates are efficient for guiding EM fields at microwave and 

millimetre wave frequencies [92] and have been used to fabricate microwave filters to 

reduce insertion loss on silicon substrates [93].  

 

These antenna devices that use low-k dielectric substrates have a wider impedance 

bandwidth and a higher gain than those using ceramic dielectric substrates.  K.F. Tong et al 

have presented the simulation and measurement results for the millimetre-wave coplanar 

patch antennas (CPA) using spin-on low-k dielectric substrate [94].  The geometry of a 

typical CPA is shown in Figure 2.21.  The antenna device consists of a gold ground plane at 

the bottom, two layers of BCB dielectric material (εr = 2.7 tan δ = 0.002 at 20GHz) in the 

middle and a CPA pattern on the top.  The total thickness of the BCB layers is 30 µm.  

BCB is spun onto a silicon wafer with a 3-inch ground plane.  The deposition technique is 

similar to the commonly used photoresist coating technique and the metal CPA pattern was 
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deposited onto the BCB dielectric layer.  The thickness of the ground plane and the CPA 

pattern are both about 1.5 µm.  

 

(a) 
 

(b) 

Figure 2.21 (a) Geometry of millimetre wave CPA using low-k dielectric substrate (b) 
Reflection coefficient of mm wave CPA with the  low-k dielectric substrate [94]. The red and 

blue curves show the measured and simulated results while the green curve shows the 
comparison (simulated results) with a ceramic substrate (εr = 9.8) 

The simulated and measured impedance bandwidths are about 1.2% and 2.6% respectively.  

The measured resonant frequency of the antenna is 38.3 GHz.  The difference in the 

measured and simulated results can be attributed to the fabrication errors of the BCB layers. 

 

2.5.4 Synthesised low dielectric-constant substrates 

 
A synthesised low dielectric constant substrate method has been presented by Gauthier et 

al.  Closely spaced holes were micromachined underneath a microstrip antenna on a high 

dielectric-constant substrate so as to obtain a synthesised, localised low dielectric-constant 

environment (εr = 2. 3) [95].  The holes were drilled using a numerically controlled 

machine (NCM) underneath the microstrip antenna and the hole pattern was extended at 

least 3.5 mm beyond the edge of the antenna in all directions.   
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Figure 2.22 Fabricated microstrip antenna on a localized low dielectric substrate [95]  

The substrate was Duroid 6010 material with a thickness of 1.25 mm.  The measured 

radiation efficiency of a microstrip antenna on a micromachined Duroid 6010 substrate (εr 

= 10.8) increased from 48.3% to 73.3% over the 12.8 to 13.0 GHz of frequency region. 

2.5.5 Laser micromachining 

2.5.5.1 Patch antenna devices on micromachined glass substrates  

Integrated antennas fabricated by laser micromachining techniques on glass substrates are 

compact due to the reduced size and owing to the relatively higher dielectric constant.  P. 

M. Mendes et al and others have reported on-chip integrated, folded short-patch antenna as 

shown in Figure 2.23 [96].  The antenna device consists of three horizontal metal sheets 

that are electrically connected by two vertical metal walls.  Since it is embedded in a glass 

substrate having certain electrical permittivity and dielectric losses, the antenna geometry, 

design and its actual dimensions determine its radiation characteristics and overall 

performance.   

 

 

a) 

 

 

b) 

Figure 2.23 (a) HFSS model of the folded shorted-patch antenna used for electrical analysis 
(b) Photograph of the antenna prototype [96]  
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For better performance, the metal sheets should have a minimum resistivity and the 

dielectric should be a low-loss material in order to achieve high efficiency.  High antenna 

efficiency requires thicker substrates (>300 µm) and therefore high aspect ratio vias in glass 

are required.  At frequencies above 1 GHz, glass becomes a very attractive option.  Its main 

advantages are low losses, reasonable εr and availability in a form of wafers with any 

required dimensions at low cost.  There is also sufficient experience in processing of glass 

wafers for MEMS and WLP (wafer level packaging) applications.  The antenna was 

designed to operate at 5.1 GHz, a frequency chosen to be inside the 5–6 GHz ISM band.  

The fabricated antenna has dimensions of 4×4×1 mm, a measured operating frequency of 

5.05 GHz with a bandwidth of 200 MHz and a simulated radiation efficiency of 60%. The 

simulated reflection coefficient of the FSPA (Folded short patch antenna) for different 

substrate thickness values is shown in Figure 2.24. 

 

Figure 2.24 Simulated reflection coefficient of the FSPA (Folded short patch antenna) for 
different substrate thickness values [96]  

2.5.5.2 Sacrificial substrate based meander monopole antenna 

 

The idea of applying laser micromachining technologies to fabricate a compact, high 

performance and low-cost 3D monopole antenna was proposed by C. U. Huang et al [97].  

The coplanar waveguide fed configuration was used owing to its simple structure, wide 

bandwidth, and the ability of multi-band operation.  To reduce the size, the meander 

monopole antenna was fabricated on both sides of a Pyrex 7740 glass wafer, and the metal 

lines were connected through via holes as shown in Figure 2.25.  The via holes were 

micromachined using an ArF excimer laser micromachining technique.  The entire antenna 

was constructed with electroplated copper to lower its total resistance and hence to enhance 

its performance.  The computed and measured input reflection coefficient S11 of the 
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fabricated MEMS monopole antenna is illustrated in Figure 2.26(a).  The resonant 

frequency and bandwidth are 2.4 GHz and 190 MHz (7.9%).  The radiation characteristics 

of this monopole antenna system at 2.45 GHz for the three plane cuts (x-z, y-z and x-y) are 

shown in Figure 2.26(b).  A maximum gain of 3.4 dBi was obtained for the antenna.  

 

 

a) 
 

b) 

 

Figure 2.25 (a)3D MEMS monopole antenna top view (not scaled), (b) Process flow for 3D 
MEMS helical meander antenna [97]  

 

a) 

 

b) 

Figure 2.26 (a) Measured and simulated reflection coefficient for proposed antenna (b) 
Measured radiation patterns for the proposed meander monopole antenna [97] 
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2.5.6 LTCC micromachining 

LTCC multilayer technology can be used to build RF front end modules, antenna based 

sensors and antenna arrays.  The technology provides the necessary degree of vertical 

integration for the high-density microwave circuit and a packaging solution such as SIP 

(System in Package) [55, 56, 98-101].  LTCC is based on a ceramic substrate system with 

printed gold, copper and silver conductors or alloys with platinum or palladium onto 

ceramic layers stacked and fired to obtain a package.  The metallisation pastes are screen 

printed layer by layer on the un-fired or “green” ceramic foil, followed by stacking and 

lamination under pressure.  The multilayer ceramic stack then is fired (sintered) in the final 

manufacturing step.  The temperature of sintering is below 900°C.  This relative low 

temperature enables the co-firing of gold and silver conductors.  

 

Figure 2.27 Exploded view of the 11 layer antenna structure in LTCC technology [55]  

It is essential to have a low loss material with good microwave performance for LTCC 

multilayer packages.  Low permittivity ceramic layers are certainly an advantage for 

microwave antennas [91].  Figure 2.27 shows a complete architecture of such an antenna 

element.  The structure consists of eleven layers of FERRO A6 LTCC substrates.  The 

system consists of four different functional blocks namely, (a) the antenna block (first 6 

layers from the top), (b) the hybrid ring coupler block with 2 layers, (c) the calibration 

network (2 layers) and finally (d) the RF-to-antenna interface (1 layer).  The high relative 

permittivity of LTCC of about 7.7 is a disadvantage of this material in antenna design.  It 

supports the propagation of substrate modes and suppresses radiation from a travelling 

wave antenna because the electromagnetic field remains concentrated in the substrate.  
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Moreover the resulting miniaturisation due to high permittivity requires an additional effort 

in circuit realisation. 

 

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

To optimise the material properties and thus to reduce the relative permittivity of LTCC, a 

material modulation based on punched air holes into the substrate is performed.  Thereby, 

the relative permittivity of the material is replaced by the relative permittivity of the 

modulated material [102].  Other schemes such as cavity backing have been employed in 

the fabrication process to obtain suspended antennas to improve efficiency [103].  Figure 

2.28 shows an antenna front end module in an LTCC SIP package.  Figure 2.29 shows an 

LTCC packaged patch antenna that is air suspended and with integrated chips embedded in 

the air cavity. 

 

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

Patch antennas have been a common choice for integrated antennas in a communication 

system.  They are low profile, simple, and inexpensive.  Various feeding methods exist for 

the microstrip patch antenna devices.  The buried line feed and aperture coupled feed 

methods can be employed for increasing the bandwidths of the antenna device but usually 

give rise to a high back-radiation level.  However this is only true for aperture coupling if 

the aperture is near resonance.  The patch antenna devices have found various applications 

at microwave and millimeter wave frequency regimes.  Various substrate materials have 

been developed for the microwave and millimeter wave patch antenna applications.  These 

substrates are engineered for low relative dielectric constant values for improving the 

bandwidths, minimizing the possibility of excitation of surface waves thus improving 

radiation efficiency of the patch antenna devices.  The substrate materials are also 

engineered for low loss tangent values for improving the antenna radiation efficiencies.  

Another way of obtaining the above two desirable characteristics for the patch antenna 

devices is by micromachining of the substrate materials.  Micromachining is particularly 

important in the MMIC (for active components) based integrated RF communication 

systems.  Micromachining is also a viable method for fabricating resonators, waveguides, 

filters etc at millimetre wave frequencies and beyond.  Although one can directly fabricate 

microstrip, coplanar circuits and antennas on high resistivity silicon, MMIC (Monolithic 

microwave integrated circuits) substrates, the substrate losses will be high.  These problems 

can be overcome by introducing a small air gap between the microstrip line, radiating patch 

element and the ground plane.  Silicon micromachining technique where in the silicon 

material is removed underneath the patch antenna was developed recently.  This method is 

used to produce a cavity that consists of a mixture of air and substrate with equal or 

unequal thicknesses.  Owing to the complicated silicon etching techniques, photoresist 

based micromachining methods were developed to fabricate suspended patch antenna 

devices either by supporting metallic posts or polymer posts.  Low relative dielectric 

constant substrates had also been synthesized in the past by using low dielectric constant 

dielectric substrates by spin coating.  Methods such as laser micromachining is employed 

for reducing the high relative permittivity of LTCC or by a material modulation based on 

punched air holes into the substrate. 
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All of the micromachining techniques outlined above involve significant processing of the 

substrates and may lack repeatability in performance.  In the work described in this thesis, a 

novel fabrication technique based on photoresist based micromachining has been 

successfully developed for fabricating suspended aperture coupled patch antenna devices.  

The antenna element is usually fabricated on a separate substrate and integrated with the 

rest of the RFIC transceiver chip.  The new developed technique requires minimal 

integration of RFIC chip with the antenna substrate.  Highly efficient micromachined 

aperture coupled patch antenna devices have been demonstrated 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 micromachined aperture coupled patch antenna 

devices are presented in this chapter.  The detailed studies in the design and simulation of 

the micromachined antenna devices are described.  The RF simulated results are presented 

for the different micromachined aperture coupled antenna devices and compared.  

Particular attention is given to the reflection coefficient (S11), radiation pattern, gain, 

directivity and efficiency for each of the micromachined aperture coupled patch antenna 

devices.  The effect of the substrate materials and the dimensions of the SU8 polymer rims 

on the performance of the basic microstrip and CPW fed aperture coupled micromachined 

antenna devices are discussed.  

3.2 MODELLING TECHNIQUES FOR PATCH ANTENNA DEVICES  

Analytical and numerical modelling techniques for a wide variety of microstrip antennas 

have been developed over the years as reviewed in [1, 7, 104].  The CAD (Computer Aided 

Design) models that can deal with any arbitrary planar shapes but need homogeneous 

dielectric in the third axis are called 2D CAD models.  The CAD models that can handle 

any arbitrary planar shapes and can accommodate dielectric inhomogenities are called 3D 

CAD models. A 2.5D CAD models exist that can accommodate inhomogeneous dielectrics 

but only if the layers are stacked.  Certain microstrip antenna geometries are relatively 

difficult to model due to the presence of dielectric inhomogenities and a wide variety of 

feeding techniques and other geometrical features.  A good antenna model or theory can 

calculate all of the necessary electrical parameters of the antenna device such as impedance, 

reflection coefficient (S11), radiation pattern, gain, directivity etc with enough accuracy in a 

computationally efficient and user-friendly manner.  Certain CAD models such as FEM 

based models can treat dynamic variations in the antenna geometry and can optimise a 
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particular performance variable such as impedance or gain against one or more design 

parameters.  

A simple microstrip element consists of few parameters and the CAD models can simulate 

the radiation pattern, gain or bandwidth of the microstrip antenna devices accurately.  

Complex designs requires design optimisation and some of these designs include proximity 

coupled elements, stacked patches and aperture coupled patches and elements designed for 

circular polarization.  The aperture coupled patch antenna geometry has a large number of 

design variables that involve at least two substrate layers, their thicknesses, dielectric 

constant variation, the patch dimensions, the feed line dimensions and offset.  The presence 

of these design variables complicates the optimisation of an aperture coupled antenna 

device.  Thus, modelling of the aperture coupled antenna device requires a full-wave 

solution.  On the other hand, the analytical analysis of microstrip antennas and arrays is 

difficult due to different design parameters and different complex geometries involved and 

as a result many solutions and analysis methods have been proposed but most models can 

be divided into two groups: simplified (or reduced) analysis and full wave methods.  

3.2.1 Full-wave analysis 

Full wave methods can model the patch geometry and the dielectric substrate 

simultaneously for the microstrip antenna devices.  Full wave analysis methods include (a) 

moment method solutions that use Green’s functions for the dielectric substrates, (b) 

solutions based on the finite difference time domain (FDTD) approach and (c) the finite 

element (FE) method.  These full wave models are highly accurate and have the ability to 

calculate all of the electrical parameters for any complex antenna geometries.  The 

complexity includes multilayer configurations, arrays with feed networks and different 

element coupling configurations.  The computational cost for these full wave analysis 

methods is generally high but high level of agreement is obtained between the experimental 

and simulated results.  The advent of computationally faster computers with ever increasing 

computational power, memory and accuracy has made the use of these models widespread.  

 

The moment method solutions were widely implemented before the year 2000 [104].  The 

solutions are in general specific to antenna geometries.  The solutions assume the substrate 

to be of infinite extent and model the currents or fields on the patch elements and feed 

networks with the sub-sectional basis functions.  These models are time consuming due to 
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numerical integrations of Sommerfield type integrals, in either spectral domain or space 

domain to form solutions when compared with the reduced analysis approach.  The FDTD 

and FE methods are more rigorous approaches by modelling the entire antenna, including 

dielectric and metal components and the surrounding volume in terms of the radiation 

boundary.  These methods allow a high degree of accuracy to be obtained when modelling 

arbitrary geometries, including multilayer and in homogeneous dielectrics.  The drawbacks 

for these methods are the computational time involved that is even longer than the moment 

method for a comparable geometry.  However, adaptive mesh refinement techniques have 

been developed that uses tangential vector finite elements for reduced computational time 

and increased accuracy for the FE methods [105].   

3.2.2 Reduced analysis 

Reduced analysis models generally posses one or more significant approximations to 

simplify the simulation.  The most widely used reduced models are (a) cavity models that 

use a magnetic wall boundary approximation for the radiating edge of the patch element, 

(b) transmission line models that model the element as a transmission line equivalent 

lumped circuit elements at the radiating edges, and (c) multiport network models which are 

the generalised cavity models.  Though initially all the above models were developed for 

microstrip antennas, later they were very useful in areas of practical design as well as for 

providing a good understanding of the operation of the microstrip patch antennas.  These 

models are generally inaccurate for thick substrates and cannot handle certain parameters 

like mutual coupling, feed network effects, surface wave effects and multilayer substrate 

configurations [104].  Some of the reduced analysis models for microstrip fed aperture 

coupled antenna devices were introduced by El Yazidi et al and Himidi [106-109].  

3.3 THEORETICAL ANALYSIS OF APERTURE COUPLED PATCH ANTENNA 

DEVICES 

3.3.1 Coupling mechanism  

A schematic cross-sectional diagram of the aperture coupled microstrip antenna 

configuration is shown in Figure 3.1 [19].  It consists of a radiating patch on a substrate is 

coupled to a microstrip line feed on another parallel substrate through an aperture in the 

ground plane which separates the two substrates.  An aperture coupled microstrip antenna 
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can be used for linear and circular polarizations.  Two uncoupled apertures can be excited 

separately by a different feed line providing a separate linear polarization of the emitted 

electromagnetic wave.  In this manner dual linear polarizations or circular polarization 

arrays can be designed.  In probe-fed patch elements and at a very good approximation in 

microstrip line fed ones, the natural frequency of the patch coincides with the resonant 

frequency of the whole structure.  However this is not the case in aperture coupled patches.  

The input impedance of the patch as seen by the feeding line consists of two 

electromagnetically coupled equivalent circuits for the patch and the aperture.  

 

Figure 3.1 Side view (a) and top view (b) of a rectangular microstrip antenna aperture 
coupled to a microstripline [19] 

Pozar et al has modelled the structure through a combination of small-hole coupling theory 

and the cavity method (reduced analyses) for patch antennas [19].  It was based on a 

simplified theory of the coupling of the microstrip antenna through an aperture to the 

microstrip line.  The objective was to deduce the appropriate coupling mechanism and the 

aperture position for efficient coupling.  It was considered that the patch is resonating in its 

dominant TM100 mode.  To a good approximation, the fields inside the cavity formed by the 

patch and the magnetic walls around the periphery of the patch can be expressed as 
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where a is the resonant dimension of the antenna (along x-axis), and 00 /2 λπ=k .  If the 

aperture is located at (x0, y0, 0), polarisation currents are excited in the aperture according to 
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where eα and mα  are the electric and magnetic polarisabilities of the aperture respectively.  

For a small circular aperture of radius r0, eα  and mα  are given by 
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By moving the aperture along the x-axis, the dominant coupling mechanism can be shifted 

from a pure electric dipole, to a combination of electric and magnetic dipoles, or to a pure 

magnetic dipole coupling effect.  If an aperture to microstrip line coupling for an infinitely 

long microstrip feed line of width W is assumed, the fields under this feed line to first order, 

can be approximated as 
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Where k0 is the effective propagation constant of the line, d is the feed line substrate 

thickness and Zc is the line's characteristic impedance.  The coupling coefficients between 

the cavity fields and the feed line can then be calculated as 
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where CP and CM denote the coupling factors via electric dipole and magnetic dipole 

coupling, respectively, are Zo = 377 Ω and P10 is a normalisation constant representing the 

total power flow in the microstrip line.  

 

When the approximation a = eελ 2/o  is used (where εe is the effective dielectric constant 

of the antenna substrate), equations (3.9) and (3.10) show that, for εr, = 2.55 and Zc = 50 Ω 

and d/W = 0.34, the coupling due to the magnetic dipole is about three times greater than 

the electric dipole coupling.  Thus if the magnetic dipole coupling mechanism is the 

preferred one, then the aperture should be located at x0 = a/2 to maximize this effect.   
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Calculations for elliptical apertures show that, for long and thin elliptical apertures of the 

same area as a circular aperture, the coupling can be in the order of ten times greater than 

the circular aperture coupling.  It has been concluded that a thin rectangular slot (oriented 

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

3.3.2 Input impedance  

3.3.2.1 Network model 

The effective input impedance (frequency dependent) for a patch antenna device gives the 

bandwidth and reflection (S11) characteristics.  The input impedance for an aperture 

coupled antenna device is derived through network analysis technique [110].  The 

simplified equivalent circuit model for an aperture coupled antenna device based on the 

above technique is shown in Figure 3.2 [111, 112].  The turn ratios n1 and n2 are found 

from [112] by deducing the scattering coefficients.  This is done by approximating an 

induced electric field across the aperture and than determining the magnetic vector from it.  
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The aperture admittances can be found by a transmission line technique [113].  The 

radiation resistance and fringing field effects are approximated by appropriate admittances 

from [114] and adding them to the equivalent microstrip line admittances for patch 

obtained from [113] to give the patch admittances. 

 

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

The draw back of the above technique is the need for accurate approximation of the electric 

field along the aperture to determine the turn ratios and the ability to predict the input 

impedance response of the antenna device due to other types of resonator couplings such as 

the patch coupling in a stacked aperture coupled antenna device. 

3.3.2.2 Cavity model 

In order to obtain the input impedance for the aperture coupled antenna device, a cavity 

based model has been developed by Himidi et. al [107].  The structure has been described 

and analysed based on the moment method.  The main objective was to obtain a physical 

model of the phenomenon.  In this context only dominant thin cavity was considered in a 

first approximation, therefore it is sufficient enough to consider the TM100 mode.   

The first step is to consider the microstrip antenna as a cavity bounded by four perfect 

magnetic walls and two electric walls at z = 0 and t as shown in Figure 3.3.  A magnetic 

current source M located in the aperture is determined using the principle of equivalence: 

M = 2Ea z× .  Ea is the aperture electric field and is expressed by  
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                    (a)                                                                           (b) 

Figure 3.3 (a) Top view of the aperture coupled antenna along with dimensions, (b) Side 
view of the antenna structure redrawn from [19] 

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

current source is assumed to be uniformly distributed in the volume above the slot.  The 

other electric field components near the slot are considered by evaluation of the reactive 

power of the slotline.  The equivalent magnetic current density can be written as 
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 is the propagation constant and 0V  is the modal voltage 

above the aperture parallel to the x axis 
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Simple expressions for Ei and Hi can be obtained for the dominant mode TM where Ei and 

Hi represent electromagnetic fields in the cavity and are solutions of the propagation 

equation with perfect magnetic walls, 
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The second step deals with the radiation of the magnetic current source H(x, y) = t Ei(x, 

y) z×  at the edges of the cavity.  This source is allowed to radiate into space given by 

( radP ) while the losses in the copper (cuP ) and the dielectric (cuP ) can be computed by 

integrating the fields inside the cavity.  Similarly the radiation loses and the electric (elecW ), 

magnetic ( elecW ) stored power can be calculated.  Now Qeff /1=δ  where Q is the quality 

factor is given by 
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Now replacing k  in equation (3.19) by effK  where )]1([ 10 effreff KK δε −= , where ko is 

the free space wave number.  The admittance of the antenna at the aperture is given by 
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The susceptance component due to the stored energy of the local field near the slot can be 

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

caZ  and wave number aK  by 
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The total admittance at the aperture is given by antapat YYY +=  

The input impedance seen at the input of the transmission line is given by  
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where lH  is the normalized magnetic field for a microstrip line, sL  is the length of the 

open-circuited stub and lk is the wave number of the microstrip line.  

 

Sophisticated input impedance models like the transmission-line model and the cavity 

model (implemented using the Eigen function expansion method) are outlined in the above 

Sections for the aperture coupled antenna devices.  These models are useful for illustration 

of principle of operation of aperture based antennas.  However, these models are based on 

the same thin-substrate approximation as the circuit model (presented in Section 2.2) and 

improvement in accuracy is questionable and in practice not widely used in design and 

modelling of the antenna devices.  For thicker substrates and for complex feed coupling 

mechanisms for a patch antenna device, a full-wave simulator like Ansoft HFSSTM is 

recommended for maximum accuracy.  In order, to obtain some design criteria to judge the 

performance of the micromachined aperture coupled antenna devices, the CAD formulas 

presented in Section 2.2 are used for determining the initial resonant frequency, bandwidth 

and gain. 

3.4 DESIGN METHODOLOGY  

The simulation technique used in the thesis work is based on 3D full wave analysis of 

electromagnetic fields using Ansoft HFSSTM [105, 115] based on the finite element method 

for solving Maxwell’s electromagnetic equations.  The analysis is performed in the driven 

mode and the results for impedance, admittance, efficiency, gain and polarisation graphs as 

a function of frequency are extracted from the analysis.   

For a Driven Solution, Ansoft HFSS solves the following matrix equation [115]: 

bTxkSx =+ 2
0                                       (3.26)    

Where: 

S and T are matrices that depend on the geometry and the mesh. 

x is the electric field solution. 

K0 is the free-space wave number. 

b is the value of the source defined for the problem. 

To calculate the S-matrix associated with a structure, the 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 structure that are supported by a 

transmission line having the same cross-section as the port. 

c) Computes the full electromagnetic field pattern inside the structure, assuming that 

one mode is excited at a time (usually fundamental mode is assumed). 

d) Computes the generalized S-matrix from the amount of reflection and transmission 

that occurs. 

The final result is an S-matrix that allows the magnitude of transmitted and reflected signals 

to be computed directly from a given set of input signals, as opposed to the input 

impedance (lumped element) models presented in Section 3.3.  

 

 

Figure 3.4 Side view of the micromachined aperture coupled antenna device modelled in 
Ansoft HFSS [115] 

Schematic diagram of the modelled micromachined aperture coupled antenna device is 

shown in Figure 3.4.  A schematic diagram for antenna design and simulation flow is 

shown in Figure 3.5.  In Ansoft HFSS, the device of interest is drawn as a 3D structure 

using the graphical user interface and various 2D and 3D drawing objects.  The material 

properties are assigned with the internal HFSS database.  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 design flow 

 

Figure 3.6 Design modeller environment in Ansoft HFSS [115] and the 3D model of the 
micromachined aperture coupled antenna device 

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

assigned through the boundary assigning tool.  Finally, ports are assigned as lumped ports 
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for antenna designs and an integration line is set up for the port.  The metal elements in the 

design are meshed automatically and the ports are excited with a voltage potential.  The 

devices are also modelled for various dimensions of the air cavities, dimensions of the 

polymer rim and for various substrates.  The results are then compared and further design 

iterations are carried out in order to achieve optimized designs.  Figure 3.6 shows a typical 

example of an antenna structure created in the HFSS design environment. 

3.4.1 Assigning ports and boundaries 

Ports are the boundary conditions in Ansoft HFSS that allow energy to flow into and out of 

the structure [116].  Ports can be assigned to any 2D object or a face.  It is necessary to 

determine the excitation field pattern at each port before the full three-dimensional 

electromagnetic field inside the structure can be calculated.  Ansoft HFSS uses an arbitrary 

port solver to calculate the natural field patterns or modes that can exist inside a 

transmission structure with the same cross-section as the port.  The resulting 2D field 

patterns serve as the boundary conditions for the full three dimensional problem.  Lumped 

and wave ports are widely used in HFSS for defining the ports.  A wave port is assigned to 

the structure where energy enters and leaves within a conductive shield while voltages are 

defined for the lumped port [115].  Lumped ports are assigned at the edge of the microstrip 

feed lines for the microstrip fed micromachined aperture coupled antenna device as shown 

in Figure 3.7 while a wave-port is defined for the CPW fed micromachined antenna device 

presented in Section 3.7.  Figure 3.7 shows the perfect E boundaries, radiation boundaries 

and the assigned lumped port for the micromachined antenna device.  There are two types 

of boundaries in HFSS, the perfect E boundary and the radiation boundary.  The perfect E 

boundary represents a perfect electric boundary (or wall) where the E-field is forced to be 

normal to the assigned boundary. In HFSS the perfect E boundary is optional and is 

generally used to represent perfect conducting surfaces.  Copper cladded PTFE substrates 

are extensively used in the fabrication of antenna devices.  In order to understand the effect 

of conductivity of copper metal on the antenna device performance, the copper metal is 

assigned as a solid block with a conductivity of 5.8×107 S/m instead as a perfect E 

boundary.  When calculating radiation fields, the values of the fields over the radiation 

surface are used to compute the fields in the space surrounding the device. This space is 

typically set up by a boundary called radiation boundary (surface) which is typically an air 

region that is extended by approximately λ/4 from the radiating element on all sides.  The 
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radiation boundary represents a perfect magnetic boundary where the H-field is forced to be 

normal to the assigned boundary.  As shown in Figure 3.7, the perfect radiation boundary 

assigned to the antenna model form a cubic box enclosing the antenna and its substrate.  

The electromagnetic field within this box is solved in the field simulation.  

3.4.2 Solution setup  

A solution setup is needed in order to perform an analysis of the device / structure in Ansoft 

HFSS.  HFSS takes the frequency sweep parameters (in a driven mode) and obtains the 

field solutions (from propagation constant) by solving the boundary value problem of 

Maxwell equations as shown in [105].  The solution setup stage consists of the solution 

frequency which is the frequency used by the adaptive mesher to automatically refine the 

mesh to obtain the electrical performance of the device and this is generally the centre 

frequency of the frequency sweep.  The adaptive solution consists of the maximum number 

of passes the adaptive mesh routine will perform as it attempts to satisfy the convergence 

criteria.  It also consists of the maximum delta S per pass which defines the convergence 

criteria for the adaptive meshing process [116].  The sweep setting specifies the 

characteristics of input signals: start frequency, end frequency, frequency step, voltage 

level, current level and waveform shape etc.  These parameters are defined by the operation 

frequency of the antenna device.  For instance, for the antenna devices studied in the thesis, 

the sweep is set at the start frequency of 10 GHz and stop frequency of 16 GHz with a step 

size of 0.1 GHz.  The delta S per pass is set at around 0.005. 

3.4.3 Validation check and simulation 

After the micromachined antenna model was created and the ports and boundaries were 

assigned to the model, validation check was carried out to ensure that the model settings 

were correct for simulation.  Within Ansoft HFSS this is executed automatically by the 

validation check tool.  Any errors associated with the design and settings which can lead to 

failure of the numerical simulation would be reported.  When the validation check is 

completed, 3D electromagnetic field analysis is carried out on the antenna to obtain the 

characteristics of the device through the simulation engine of HFSS.  After obtaining a 

generalized S-matrix, it will be normalized to an impedance of 50Ω  to compute reflection 

and transmission directly from the resultant data.  To renormalize a generalized S-matrix to 

specific impedance, HFSS first calculates a unique impedance matrix Z for the structure 
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under consideration.  A typical simulation process takes 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 divided into thousands of smaller regions in the 

finite element method and each sub-region (element) is represented with local functions to 

eliminate spurious modes [105].  In the case of HFSS, the geometric model is automatically 

divided into smaller regions called tertrahedra, where a single tetrahedron is a four-sided 

pyramid.  This collection of tetrahedra is referred to as the finite element mesh.  There is a 

trade-off between the size of the mesh, the desired level of accuracy and the amount of 

available computing resources in Ansoft HFSS [115].  Each of the individual elements 

(tetrahedral) is equally responsible for the accuracy of the solution.  The visual image of the 

mesh allocation in Ansoft HFSS for a microstrip fed micromachined aperture coupled 

antenna device is shown in Figure 3.7.  Each element must occupy a region that is small 

enough for the field to be adequately interpolated from the nodal values in order to generate 

an accurate description of a field quantity [105, 117].  However, generating a field solution 

involves inverting a matrix with approximately as many elements as there are tetrahedra 

nodes. 

For meshes with a large number of elements, such an inversion requires a significant 

amount of computing power and memory.  Therefore, it is desirable to use a mesh fine 

enough to obtain an accurate field solution but not too much that it cannot be handled by 

the available computer memory and processing power.  An iterative process called an 

adaptive (meshing) analysis is used by HFSS to produce an optimal mesh, in which the 

mesh is automatically refined in critical regions.  Firstly a solution is obtained based on a 

coarse initial mesh.  Then, the mesh is refined in areas of high error density and new 

solution is generated [105, 116].  This process is repeated until the selected parameters 

converge to within a desired limit (delta S).  If the solution has converged, then the 

previous mesh is as good as the current mesh.  HFSS will than use the previous mesh to 

perform frequency sweeps for driven mode and obtains the field solutions at all the 

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

3.4.4 Extraction of simulation results 

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

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

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

variety of 2D/3D plots.  The bandwidth, gain and efficiency are the most important factors 

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

parameter (S11) of the antenna device was extracted from the field solution as presented in 

[116].  The bandwidth is determined by the difference between the upper and lower 

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

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

critical factors for antenna devices. 

3.5 A MICROSTRIP FED MICROMACHINED APERTURE COUPLED PATCH 

ANTENNA DEVICE 

Figure 3.8 shows schematics of a microstrip fed patch antenna device using a 

micromachined polymer ring.  The suspended patch design is studied for high efficiency 

operation. 
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(a) 

 

 

(b) 

Figure 3.8 Geometry of the (a) cross-sectional view and (b) top view of microstrip fed 
micromachined aperture coupled patch antenna device 

In order to create a sealed air cavity between the microwave substrate and the polyimide 

thin film substrate, a square polymer ring (SU8 rim) is used.  Therefore there is an 

improvement in the radiation frequency when the slot (aperture) based feeding method is 

used and also it allows wide band operation which uses the double tuning effect of the slot 

when compared to the other feeding techniques [24, 118].  Hence by incorporating the air 

cavity and the slot in the antenna device, high gain and wide band operation can be 

achieved simultaneously.  

 
A frequency range of around 10 GHz is more suitable to produce devices on the 3 inch 

wafers.  The height of the air cavity is chosen to be at least 1.5 mm and equal to the height 

of the lower substrate which also depends on constrains in producing uniform thick 

polymer films.  Furthermore it is much easier to produce SU8 films of thicknesses between 

1 µm to 1.5 mm otherwise it is difficult to control the surface uniformity.  The effect of 

different supporting substrates has also been conducted in order to determine an optimum 

substrate to support the patches for the microstrip fed micromachined aperture coupled 

patch antenna device.  Ideally, the substrate should be thin, flexible and low cost.  Taconic 

thin film substrates of different thickness and Kapton polyimide substrates have been 
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modelled in HFSS for optimum performance.  The study revealed that there is not much 

variance in the performance of the antenna fabricated on the above two different substrates 

suggesting that the flexible and cheaper polyimide substrate can be used to support the 

patch element.  

3.5.1 Design and simulation 

For the ease of characterisation, the device was designed to operate at around 12 GHz using 

in-house facilities.  The approximate resonant frequency for the micromachined antenna 

devices depends on the dimensions of the resonant patch element primarily [119] and is 

given by 
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where c is the velocity of light, a is the patch width and b is the patch length. effε  is the 

effective dielectric constant and m, n denotes the modes.  The resonant frequency can be 

approximated for the TM10 mode.  The effective permittivity is given by [4] 

( ) airairsubair

polyimideair
eff xεεε

εε
ε

−+
=     (3.28) 

Where airε  is the relative permittivity of air, polyimideε  is the relative permittivity of 

polyimide film, airx  is the ratio of the polymer rim thickness to the sum of the polymer film 

thickness and the polymer rim thickness.  Due to the fringing fields at the ends of the patch 

elements the electrical length of the element is longer than the physical length.  A formula 

for computing the length L∆  associated with the fringe fields has been derived by 

Hammerstad [39]. 
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where b is the length of the patch element, h is the sum of the thickness of the polymer rim 
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and the thickness of the polyimide substrate.  The width of the patch element for this 

micromachined antenna device was fixed at 11.5 mm for a compact micromachined antenna 

device.  The physical dimension a (width as shown in Figure 3.4) of the patch can thus be 

approximated by 

 

L
f

c
a

effr

∆−= 2
2 ε

     (3.30) 

The aperture length controls the resistive part of the input impedance where as the open 

circuit stub length controls the reactance part of the input impedance [119].  Increasing the 

length of the aperture also decreases the resonant frequency of the antenna device slightly.  

Thus, this has an effect on the function of the antenna device with respect to the resonant 

frequency and the bandwidth.  Moreover, the aperture coupling is predominantly magnetic 

from equation 3.12. 

 

After obtaining the approximate dimension of the patch element, optimisation of the design 

parameters such as the dimensions of the open circuit microstrip stub, aperture and top patch 

was performed using the Ansoft HFSS electromagnetic simulation package.  As the aperture 

is operated at close to resonance for this antenna device, the initial length of the aperture can 

be approximated from (3.30) by replacing the dimension a by aperture length (lap). L∆  is 

replaced by ∆ lap and effε  by subeqlε .  subeqlε  is given by  
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where apt  is the thickness of the Arlon substrate,apw  is the width of the aperture which is 

fixed at approximately 1/10 of its length.  subε  is the dielectric constant of the Arlon 

substrate. 
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Table 3.1 Summary of the parameters for the microstrip fed micromachined aperture coupled 
patch antenna device 

Parameter Unit (mm) 

Patch width 

Patch length 

Patch thickness 

Aperture length 

Aperture width 

Microstrip length 

Microstrip width 

Inner length of cavity 

Inner width of cavity 

Cavity height 

Polyimide thickness 

9.5 

11.5 

0.007 

11 

1.1 

18.84 

0.85 

19 

19 

1.5 

0.125 

∆ lap is obtained from equation 3.29 by substituting the values of the aperture width and the 

thickness of the Arlon substrate.  The width of the microstrip line is approximated using the 

transmission line calculator from AWR® microwave officeTM while a stub equivalent to λg/4 

is used initially.  λg is the guided wavelength for the Arlon substrate in this case.  The 

optimisation of the aperture resulted in the aperture resonating close to resonant frequency 

of the patch and hence the double tuning effect was utilized to obtain a wide bandwidth for 

the antenna device [25].  The height of the cavity is chosen not only to achieve optimum 

bandwidth and gain but also for the ease of fabrication.  The antenna dimensions of the 

polymer rim were chosen so as to achieve high efficiency and compact size in the HFSS 

simulation.  The dielectric constants of the polyimide film, the SU8 polymer and the 

microwave substrate (AD300A, Arlon MED) are 3.5 [120], 4.2 [121] and 3 [122] while the 

corresponding loss tangents are 0.0026 [120] and 0.042 [123] and 0.003 [122] respectively.  

The tolerances (variations) experienced due to the unevenness of the SU8 polymer rims 

should be taken into account while simulating the micromachined antenna device.  After an 

initial height of 1.5 mm is fixed for the air cavity, the height is varied in steps of 50 µm in 

the Ansoft HFSS modeller so as to study the effect of the variance of height in the shift in 
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resonance of the antenna structure and also the bandwidth.  It has been verified that a 

tolerance of 100 µm is acceptable for < 1% variance in simulated bandwidth.  A small 

rectangular overlay on the end section of the microstrip line where the connector would 

normally be attached was modelled in order to incorporate the effect of the SMA connector 

into the antenna design and simulate.  The dimensions (3x1.5 mm) of the overlay were 

chosen such that they matched the length and diameter of the pin of the SMA connector.  

Table 3.1 gives a summary of the optimized design parameters of the antenna device.  

3.5.2 Results and discussion 

3.5.2.1 Field distribution 

Figure 3.9 (a) and (b) show the electric and magnetic fields for the micromachined aperture 

coupled patch antenna structure at 13 GHz.  The fields are plotted in vector and magnitude 

form.   

 

(a) 

 

(b) 

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

The field plot show that at the frequency of interest, 13 GHz, which is the efficient 

radiating frequency for the antenna structure.  It can be seen that the fields satisfy the TM100 

mode at this resonant frequency.  The plot also shows that, there are electric and magnetic 

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

transmission line underneath the ground plane.  The distribution of electric and magnetic 

fields also indicate the presence of backward radiation. 
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3.5.2.2 S parameters and study of the bandwidth 

To determine the performance of the aperture coupled antenna device as described in 

Section 3.4, the reflection coefficient (S11) and VSWR parameters are plotted to determine 

the -10 dB bandwidth after optimising the antenna performance.  The reflection coefficient 

(S11) and VSWR parameters are plotted as a function of frequency as shown in Figure 3.10. 

 

Figure 3.10 Simulated reflection coefficient and the VSWR parameters for the optimized 
microstrip fed micromachined aperture coupled patch antenna device 

The impedance parameters are plotted in Figure 3.11.  It can be seen from the plot that the 

reflection coefficient (S11) is lower than -10 dB from around 11.5 GHz and the VSWR are 

lower than a value of 2.  The plot also shows that the reflection coefficient (S11) is less than 

-5 dB from around 11.5 GHz to 15.5 GHz that corresponds to attenuation or a loss of 30% 

power.  Although the antenna structure can be used as a radiating element within this 

frequency range, it can be seen in the later sections that the gain and directivity of the 

structure is below 5 dBi even though the radiation efficiency is above 95%.  The radiation 

plots also show that there is significant back radiation for frequencies below 12 GHz and 

above 15.5 GHz. 
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Figure 3.11 Simulated impedance parameters for magnitude, real and imaginary values 

3.5.2.3 Normalised radiation patterns 

The radiation patterns for the antenna device were obtained from the field solution and are 

plotted as a function of frequency from the far field plotter interface in Ansoft HFSS.  

Normalized radiation patterns for the E plane and H plane of the 3 D radiation pattern are 

plotted at different frequencies from the radiation pattern interface in Ansoft HFSS.  Figure 

3.12 shows the 2D and 3D far-field radiation patterns for the microstrip fed patch antenna 

device at 13.2 GHz near to the centre frequency of the operating band.  The patterns show 

that there is significant backward radiation and significant side lobes in the E plane.   

 

Figure 3.13 shows the polar radiation pattern curves from 11.5 GHz to 15 GHz.  The plots 

show the E plane and H plane radiation patterns for the antenna device.  The back to front 

radiation ratio and the side lobes can be studied at different frequencies from these plots.  

The E plane plot shows that there is a minimal side lobe in the front side and increasing 

with frequency while the pattern posses two significant side lobes at around 15 GHz.  The 

peak backward radiation for both the E plane and H plane for the aperture coupled device is 

around -8 dB in magnitude (normalised) and also increases with frequency. 
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(a) 

 

 
(b) 

Figure 3.12 2D radiation patterns in E (x-z) plane and H (y-z) plane (a) and 3D (b) 
radiation patterns of a microstrip fed micromachined aperture coupled patch antenna 

device at 13.2 GHz 



 70 

 
11.5 GHz 

 
12 GHz 

 
12.5 GHz 

 
13 GHz 

 
13.5 GHz 

 
14 GHz 

 
14.5 GHz 

 
15 GHz 

Figure 3.13 Simulated normalized E and H plane radiation patterns at different frequencies 
for the microstrip fed micromachined aperture coupled patch antenna device 
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It can also be seen that, the backward radiation in the E plane for the antenna device varies 

from –4 dB at 11.5 GHz to around -10 dB at 13 GHz and increases again to around -4 dB at 

15 GHz to around – 10 dB at 13 GHz and increases again to around –4 dB at 15 GHz.  It 

can be concluded that the microstrip fed micromachined aperture coupled patch antenna 

device has a poor front to back ratio it terms of radiation 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 and efficiency for the microstrip fed aperture 

coupled antenna device with respect to frequency.  The left ‘y’ axis gives the magnitude of 

antenna directivity and gain where as the right ‘y’ axis gives the absolute efficiency.  It can 

be seen easily from the plot the gain curve follows the directivity curve suggesting almost 

100% radiation efficiency within the radiation bandwidth region.   

 
Figure 3.14 Simulated gain, directivity and radiation efficiency of the optimized microstrip 

fed micromachined aperture coupled patch antenna device 

The gain and bandwidth varies from about 5 dBi at 10 GHz to around 8.3 dBi at 13 GHz 

and falls back below 6 dBi after 15.5 GHz.  The variance of directivity and gain with in the 

radiation bandwidth is below 1 dBi while it varies significantly out of the radiation 

bandwidth.  Radiation efficiency is the ratio of the total power radiated by the antenna 
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device to the power input.  The radiation efficiency for 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 impedance and therefore the S11 results were 

studied.  Simulations in Ansoft HFSS were carried out to determine the S11 factor as a 

function of frequency for different values of the microstrip length while keeping all the 

other dimensions constant.  The geometrical parameters and substrate properties of the 

aperture coupled antenna are the same as that in Table 3.1.   

 

The length of the microstrip line is varied to study the change in bandwidth and the gain of 

the antenna device.  The length of the microstrip line is varied from 18.05 to 18.84 mm to 

obtain the corresponding simulated S11-parameters as shown in Figure 3.15.  The effect of 

the microstrip length is to change the impedance seen at the end of the microstrip line 

thereby changing the -10 dB bandwidth of the device deduced from the S11 plots.  Figure 

3.15 show that the -10 dB bandwidth decreases as the length of the microstrip line 

decreases while the bandwidth increase with the length.  An optimum length of the 

microstrip line is around 18.84 mm after which the antenna behaves as a dual band device 

when considering the –10 dB bandwidth.  Further decrease of the length of the microstrip 

line from 18.05 mm decreases the bandwidth to a larger extent while maintaining good 

reflection coefficient (S11).  The efficiency of the antenna device on the other hand is 

almost constant for all different microstrip lengths.  In antenna design, a device is usually 

aimed for larger bandwidth while having optimum gain and efficiency.  The optimal 

conductor thickness is in the region of 7 ~ 10 µm.  From equation (3.23) it can be seen that 

the input impedance at the end of the microstrip line for an aperture coupled antenna design 

is a function of the transmission line length and the characteristic impedance, Zc.  By 

changing the length of the microstrip line, the impedance changes which is related to the 

bandwidth of the antenna device.  This method of design optimisation is more suitable for 

applications where the patch dimensions and the spacer (polymer rim) height are fixed but a 

large bandwidth is required.  
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Figure 3.15 Simulated reflection coefficient (S11) parameters of the microstrip fed 

micromachined aperture coupled patch antenna device for different microstrip lengths 

3.5.4 Effect of SU8 polymer rim dimensions 

The effect of SU8 polymer rim dimensions on the S11 characteristics are studied for three 

different rim designs.  Simulations using Ansoft HFSS are carried out to determine the S11 

factor as a function of frequency for different width and length of the polymer rim while 

keeping all the other dimensions constant.   

 
Figure 3.16 Simulated reflection coefficient (S11) parameters of the microstrip fed 

micromachined aperture coupled patch antenna device for different SU8 polymer rim 
dimensions 
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The dimensions of the rim were varied to study the change in bandwidth and the gain of the 

antenna device.  The dimensions studied were 20 mm × 20 mm, 16 mm × 16 mm, 12 mm × 

12 mm respectively and the corresponding simulated S11 parameters are shown in Figure 

3.17. The width of the rim is 1 mm as can be seen in Figure 3.4.  All of the polymer rims 

are centred with respect to the patch element.  The effect of the polymer rim dimensions is 

the change of the impedance seen at the end of the microstrip line thereby changing the -10 

dB bandwidth of the device deduced from the S11 plots and also the efficiency of the 

antenna device.  The optimum dimensions were found to be around 16 mm ×16 mm.  The 

dimensions of 20 mm × 20 mm were chosen for the final design.  The effect of the polymer 

rim dimensions on the gain and directivity were studied and the results are as shown in 

Figure 3.17.  The effect of the polymer rim dimensions on the radiation efficiency are 

shown in Figure 3.18 while the effect of rim dimensions on gain, directivity and efficiency 

at centre frequency of 13.1 GHz is presented in Figure 3.19.  The gain, directivity and 

efficiency are similar for the dimensions of 16 mm × 16 mm and 20 mm × 20 mm while a 

reduction in the above parameters is observed for the dimensions of 12 mm × 12 mm.  This 

means that the effect of the dielectric constant and loss tangent of the SU8 polymer rim is 

more significant in the case of the smallest polymer rim.   

 

Figure 3.17 Simulated gain, directivity parameters of the microstrip fed micromachined 
aperture coupled patch antenna device for different SU8 polymer rim dimensions. The solid 

lines represent directivity while the dotted lines represent antenna gain. 



 75 

 

Figure 3.18 Simulated radiation efficiency parameters of the microstrip fed micromachined 
aperture coupled patch antenna device for different SU8 polymer rim dimensions 

 

(a) 

 

(b) 

Figure 3.19 (a) Simulated gain, directivity and efficiency parameters of the microstrip fed 
micromachined aperture coupled patch antenna device for different SU8 polymer rim 

dimensions at 13.1 GHz.  A, B,C represents a polymer rim dimensions of 20mm×20mm, 
16mm×16mm and 12mm×12mm respectively.  (b) Simulated efficiency parameters of the 

micromachined patch antenna device for different SU8 polymer rim dimensions at 13.1 GHz 

From Section 3.3.1, the dominant resonance for this antenna device is through complex 

electric and magnetic coupling of the aperture to the radiating patch element and thus it is 

difficult to estimate the effect of polymer rim on the dominant resonance but this could be 

studied with the Ansoft HFSS full wave simulations.  With reduced polymer rim 

dimensions, one would expect an increase in effective dielectric constant beneath the 
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radiating patch element thus reducing the resonant frequency which can be seen in Figure 

3.16.  The variation in directivity and gain is about 1 dB with the polymer rim dimensions.  

The directivity is about 7.5 dBi with smallest rim dimensions and almost uneffected at 

about 8.5 dBi for the polymer rim dimensions of 16mm×16mm and 20mm×20mm.  The 

variation in antenna efficiency is minimal and is about 0.03%. 

3.5.5 Effect of SU8 polymer rim thickness 

The effect of SU8 polymer rim thickness on the S11 characteristics are studied in order to 

understand the effect of manufacturing tolerances on the performance of the 

micromachined aperture coupled antenna device.  It is anticipated that the manufacturing 

tolerances of about 70 µm are likely in the fabrication of the SU8 polymer rims as 

presented in Section 4.6.3.  Simulations in Ansoft HFSS are carried out to determine the S11 

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

1.7 while keeping all the other dimensions (including polymer rim dimensions of 

20mm×20mm) constant.  The corresponding simulated S11-parameters are shown in Figure 

3.20. 

 

Figure 3.20 Simulated reflection coefficient (S11) parameters of the microstrip fed 
micromachined aperture coupled patch antenna device for varying SU8 polymer rim 

thickness.  The thickness of the polymer rim is denoted by ‘h’ in the plot. 

The variation of polymer rim thickness has an effect on the reflection characteristics and 

there by the achievable bandwidth for the antenna device the impedance seen at the end of 
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the microstrip line thereby changing the -10 dB bandwidth of the device.  From Figure 3.20 

one can see that for the polymer rim height from 1.4 mm to 1.6 mm the variation in 

bandwidth is less than 2% and a similar variation in central frequency while for the 

variation form 1.3 to 1.4 mm and 1.6 mm to 1.7 mm shows a variation of greater than 5% 

and similar variation in central frequency.  This shows that an optimally stable bandwidth 

and central frequency can be maintained for the micromachined antenna device fabricated 

with a tolerance less than 100 µm.  The variation in directivity and gain is about 0.3 dB 

with the variance in polymer rim dimensions as shown in Figure 3.21 (a).  The directivity is 

about 8.5 dBi with a polymer rim height of 1.3 mm and is about 8.8 dBi with the polymer 

rim height of 1.7 mm showing a small increase with the increase in height of the polymer 

rim.  The variation in antenna efficiency is minimal and is about 0.02%. 

 

(a) 

 

(b) 

Figure 3.21 (a)Simulated gain and directivity parameters of the microstrip fed 
micromachined aperture coupled patch antenna device for different SU8 polymer rim 

dimensions at 13.1 GHz.(b)  Simulated efficiency parameters of the micromachined patch 
antenna device for different SU8 polymer rim thickness at 13.1 GHz  

3.5.6 Effect of SU8 polymer rim dielectric properties 

There is a variation in the dielectric properties of the SU8 polymer reported in the literature 

primarily due to the variation in the composition of SU8 from the supplier and due to the 

viscosity of the SU8 material.  The relative dielectric constant of the SU8 polymer of 2.9  

and the corresponding loss tangent of 0.04 are reported for a cured SU8-25 formulation at 

10 GHz in [40].  The dielectric constant of 3.35 and the corresponding loss tangent of 0.015 

are reported for the cured SU8-25 formulation at 10 GHz in [124].  The dielectric constant 

for SU8-100 polymer of 4.2 at 10 GHz derived from [121] while the corresponding loss 

tangent of 0.042 [123] are used in the modelling of the micromachined antenna devices at 
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10 GHz.  Thus, different types of SU-8 are available whose dielectric properties are 

sensitive to processing conditions [40].  The SU8-100 material used for the micromachined 

antenna devices is formulated in house and thus it is likely that the material properties may 

vary from that reported in the literature and also due to the processing conditions.  In order 

to understand the effects of the dielectric properties of the SU8 material on the antenna 

properties, antenna simulations are performed by varying the dielectric constant of the 

SU8-100 material from 3.5 to 5 in steps of 0.5.  Thus, a dielectric constant of 4 and a loss 

tangent of 0.042 give better agreement between the simulated and measured S11 coefficient 

for the micromachined antenna device as shown in Figure 3.22.  The SU8 polymer rim 

dimensions are 20mm×20mm for the simulations. 

 

Figure 3.22 Simulated reflection coefficient (S11) parameters of the microstrip fed 
micromachined aperture coupled patch antenna device for varying SU8 dielectric constant.   

 
(a) 

 
(b) 

Figure 3.23(a)Simulated gain and directivity parameters of the microstrip fed 
micromachined aperture coupled patch antenna device varying SU8 dielectric constant at 
13.1 GHz.(b)  Simulated efficiency parameters of the micromachined 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 0.05 dB with the variance in polymer rim 

dimensions as shown in Figure 3.23 (a).  The variation in antenna efficiency is minimal and 

is about 0.01%. This shows that the variation in relative dielectric constant has an effect on 

the reflection coefficient characteristics of the micromachined aperture coupled antenna 

device but minimal effect on the radiation characteristics. 

 

 

Figure 3.24 Simulated reflection coefficient (S11) parameters of the microstrip fed 
micromachined aperture coupled patch antenna device for varying SU8 dielectric loss 

tangent.   

 
(a) 

 
(b) 

Figure 3.25Simulated gain and directivity parameters of the microstrip fed micromachined 
aperture coupled patch antenna device varying SU8 dielectric loss tangent at 13.1 GHz.(b)  
Simulated efficiency parameters of the micromachined patch antenna device for different 

SU8 polymer rim thickness at 13.1 GHz 
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Antenna simulations are also performed by varying the dielectric loss tangent of the SU8-

100 material from 0.01 to 0.1.  The variation in directivity and gain is about 0.02 dB with 

the variation in polymer rim dimensions as shown in Figure 3.23 (a).  The variation in 

antenna efficiency is minimal and is about 0.01%.  This shows that the variation in loss 

tangent has a minimal effect on the antenna characteristics of the micromachined antenna 

device. 

3.6 A MICROSTRIP FED MICROMACHINED APERTURE COUPLED STACKED 

ANTENNA DEVICE 

A microstrip fed micromachined aperture coupled stacked antenna device has been 

designed and will be analysed in this section.  The aperture coupled device is impedance 

matched for wideband operation.   

3.6.1 Antenna design and simulation 

Figure 3.26 (a) and (b) show the cross sectional view of a microstrip fed micromachined 

aperture coupled stacked antenna and the top view of the coupling aperture and the 

microstrip on the substrate surfaces.  In order to improve the bandwidth and efficiency of 

the resultant antenna device, suspended patches were used.  The device consists of a double 

cladded microwave PCB substrate and two suspended patches which forms a stacked 

antenna device.  The microstrip feed line on the bottom surface of the microwave substrate 

feeds the device through a rectangular coupling aperture in the ground plane on the top 

surface of the substrate.  Table 3.3 shows a summary of the physical dimensions of the 

structure layers for the microstrip fed micromachined aperture coupled stacked antenna.  

The thickness, dielectric constant and loss tangent of the substrates are given in Table 3.4.  

The patches on thin film substrates are supported by micromachined polymer spacers to 

reduce the loss and hence to improve the gain of the device.  The antenna elements are 

protected from moisture and environment by the cavities formed by the bonded polymer 

rings.  A microwave PCB material (AD300A, Arlon MED) [122] was used as the base 

substrate and polyimide thin films (Du Pont) were used as the supporting substrates for the 

two suspended patches.  The antenna device was designed for operation in the 8 – 12 GHz 

of frequency region with 40% of bandwidth.   
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(a) 

 
(b) 

Figure 3.26 (a) Schematic cross-sectional views of the microstrip fed micromachined 
aperture coupled stacked antenna using micromachined polymer spacers.  The top view of 
the apertures and feed lines on the substrate surface corresponding to (a) is shown in (b) 

The design and modelling work for optimizing the antenna device was similar to that for 

the single patch device described in Section 3.5.  For wideband operation the height of the 

top resonant patch to the ground is increased by stacking polymer rims.  The top patch 

width is approximated by keeping a constant length from equation 3.30.  For this stacked 

micromachined aperture coupled antenna device configuration, the air gaps between the 

upper patch element and the substrate (Figure 3.26) was chosen to increase the antenna 

bandwidth and at the same time to maintain a low profile (including fabrication challenges) 

for the overall antenna structures.  For the microstrip fed device, the top patch and the 

aperture were designed to be in close resonance while the microstrip line and the lower 

patch was used as the impedance tuning element for wideband operation.  The aperture 

x 

y 

z 
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length was chosen to have a close resonance with that of the top patch again and the width 

was about one tenth of the length.  The length of the feed line was then varied to obtain 

sufficient bandwidth.  In order to obtain fixed band performance, the lengths of the top 

patch and the aperture were modified to tune the band of operation.  Fine impedance tuning 

was achieved by adjusting the dimensions of the lower patch 

 

Since the SU8 polymer is a lossy microwave material, the shape and dimensions of the SU8 

spacer rings were chosen carefully to ensure good antenna performance.  The dimensions of 

the SU8 rims were determined to obtain a small footprint and high gain for the resultant 

antenna devices.  It was necessary to carry out several iterations of the above steps to obtain 

an optimized antenna structure for high gain wideband operation. 

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

Parameter Dimensions 

 (mm) 

Lower patch width 

Lower patch length 

Upper patch width 

Upper patch length 

Patch thickness 

Slot length 

Slot width 

Microstrip length 

Microstrip width 

Inner length of cavity 

Inner width of cavity 

Lower cavity height 

Thickness of polymer rim 

Upper cavity height 

5.8 

9 

9.6 

10.6 

0.009 

9.8 

0.98 

15.00 

0.82 

19 

19 

2.2 

1.0 

0.67 

 

 



 83 

 

Table 3.3 Summary of electrical properties of substrates for microstrip fed micromachined 
aperture coupled stacked antenna device. 

Substrate Thickness (mm) Dielectric 

constant 

Loss 

tangent 

Arlon substrate  

Polyimide film  

1.51 

0.125  

3.0 [122]  

3.5 [120]  

0.003 

0.0026 

3.6.2 Results and analysis 

3.6.2.1 S parameters and study of the bandwidth 

Figure 3.27 shows the results of S11 and VSWR parameters as a function of frequency.  The 

impedance parameters are plotted in Figure 3.28. 

 

Figure 3.27 Simulated reflection coefficient and the VSWR parameters for the optimized 
microstrip fed micromachined aperture coupled stacked antenna device 

 It can be seen from the plot that the reflection coefficient (S11) is lower than -10 dB from 

around 7.8 GHz and the VSWR are lower than a value of 2.  The plot also shows that the 

reflection coefficient (S11) is less than -5 dB from around 7.5 GHz to 12.5 GHz that 

corresponds to attenuation or a power loss of ~30%.  The imaginary part of the input 

impedance curve from Figure 3.28 shows that the reactance switches from capacitive to 

S 1
1 (

dB
) 

S11 

VSWR 
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inductive twice indicating a double coupling mechanism for the aperture.  The increase in 

bandwidth for this stacked micromachined patch antenna device is primarily due to the 

multiple resonance effects that include the TM10 resonances due to both magnetic and 

electric coupling (outlined in Section 3.3.1) between the top radiating patch and the 

aperture in the ground plane of the antenna device.  The wide bandwidth characteristic for 

the antenna device has also been explained by both the electric and magnetic coupling of 

aperture to the top patch element in [19, 125]. 

Although the antenna structure can be used as a radiating element within this frequency 

range, it will be shown in the later sections that the gain and directivity of the structure is 

below 5 dBi even though the radiation efficiency is above 95%.   

 

Figure 3.28 Simulated impedance parameters for magnitude, real and imaginary values for 
the optimized microstrip fed micromachined aperture coupled stacked antenna device 

3.6.2.2 Normalised radiation patterns 

Figure 3.29 shows the 2D and 3D far field patterns for the microstrip fed micromachined 

stacked patch antenna device.  Normalised 3D radiation patterns for E plane and H plane 

are plotted at different frequencies.  A complex coupling between the microstrip line and 

the radiating patch element through the aperture exists for this antenna device as presented 

in Section 3.3.1.  The uncoupled fields to the patch element are radiated in the backward 

direction and hence the bulges in the radiation pattern on the backward direction.  Figure 
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3.30 shows the polar radiation pattern curves from 7 GHz to 12 GHz.  The E plane results 

show that there is an insignificant side lobe at the front side at lower frequencies but 

increasing with frequency.  It is most significant at around 10 GHz.  The radiation plots 

also show that there is significant back radiation for frequencies below 8 GHz and above 10 

GHz.  The minimum backward radiation for both E plane and H plane is around -12 dB in 

relative magnitude within the radiation bandwidth.  

 

(a) 

 

(b) 

Figure 3.29 (a) 2D radiation patterns in E (x-z) plane and H (y-z) plane (b) 3D radiation 
patterns at 9.82 GHz for the optimized microstrip fed micromachined aperture coupled 

stacked antenna device 

y 

x 
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Figure 3.30 Simulated normalized E and H plane radiation patterns at different frequencies 
for the optimized microstrip fed micromachined aperture coupled stacked antenna device 

It can also be seen that, the backward radiation in the E plane for the antenna device varies 

from 0 dB at 7 GHz to around -12 dB at 9.5 GHz and increases again to around -4 dB at 12 

GHz.  It can be concluded that the microstrip fed micromachined aperture coupled stacked 

antenna device posses an improved front to back ratio in terms 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, gain and efficiency for the microstrip fed 

micromachined aperture coupled stacked antenna device with respect to frequency from 7 

GHz to 12 GHz.  It can be seen from the plot that the gain curve follows the directivity 

curve suggesting almost 96% radiation efficiency within the radiation bandwidth region.  

The gain and efficiency vary from about 2 dBi at 7 GHz to around 7.8 dBi at around 9.5 

GHz and falls back below 7 dBi at 12 GHz.  The variation of directivity and gain within the 

radiation bandwidth is below 1 dBi while it varies significantly out of the radiation 

bandwidth.  The radiation efficiency varies from about 0.91 to close to 0.96 at 10 GHz.   
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Figure 3.31 Simulated gain, directivity and radiation efficiency of the optimized microstrip 
fed micromachined aperture coupled stacked antenna device 

3.7 A CPW FED MICROMACHINED APERTURE COUPLED STACKED 

ANTENNA DEVICE 

3.7.1 Antenna design and simulation 

A CPW feed will reduce the backward radiation for an aperture coupled antenna device.  

Also the feeding scheme will be easier for integration with other passive devices.  Hence a 

CPW fed micromachined aperture coupled stacked antenna device was designed.  The 

design follows a methodology similar to that of the microstrip fed antenna device.  The 

layout of the CPW feed, aperture and the schematic of the antenna device are shown in 

Figure 3.32.  The CPW feed line and the ground plane is on the same side of the microwave 

substrate and there is no further ground plane on the bottom side of the substrate  The 

antenna device was designed for operation in the 7 – 10 GHz of frequency region with 

>40% of bandwidth.  The design procedure is similar to in Section 3.5.1.  The bandwidth 

for the antenna device is to be increased by coupling of the top patch elements possessing 

identical dimensions.  It was known that a coupling of stacked identical patch elements 

produces two separate resonant frequencies one higher and the other lower than that of the 

resonant frequencies of the individual elements [25].  Thus, the aperture and the top two 

patches were designed to be in close resonance.  The bottom patch and the λ/4 stub are 
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adjusted to obtain impedance matching operation with wide bandwidth.   The top patch and 

the middle patch width are approximated by Equations 3.29 and 3.30.  For this CPW fed 

stacked micromachined aperture coupled antenna device configuration, the top patch 

elements and the aperture were designed to be in close resonance while the microstrip line 

stub and the lower patch was used as the impedance tuning element for wideband 

operation.  Fine impedance tuning was achieved by adjusting the dimensions of the lower 

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

CPW antenna device.  The thickness, dielectric constant and loss tangent of the substrates 

are given in Table 3.6.   

Table 3.4 Summary of the design parameters for the CPW fed micromachined aperture 
coupled stacked antenna device 

Parameter Dimensions 

 (mm) 

Lower patch width 

Lower patch length 

Upper patch width 

Upper patch length  

Patch thickness 

Aperture length 

Aperture width 

Microstrip length 

Microstrip width 

Inner length of cavity 

Inner width of cavity 

Lower cavity height 

Thickness of polymer rim 

Upper cavity height 

9.4 

18 

12.6 

18 

0.009 

16.5 

1.6 

18.2 

1.4 

18.2 

18.2 

1.0 

1.0 

1.0 

 

In this device, three stacked patches were used to increase the bandwidth.  A single cladded 

PTFE material (Taconic TLY-3-0200-CH/CH) [126] was used as the substrate for the CPW 

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

Substrate Thickness 

(mm) 

Dielectric 

constant 

Loss tangent 

Taconic PTFE substrate 

LCP film  

0.5 

0.10 

2.2 [126] 

3.2 [71] 

0.0009  

0.002 

 

 
    (a) 

 
 (b) 

Figure 3.32 Schematic cross-sectional views of the stacked CPW fed micromachined 
aperture coupled stacked antenna using micromachined polymer spacers, (a) CPW fed 

device.  The top view of the apertures and feed lines on the substrate surface corresponding 
to (a) is shown in (b) 

x 

y 

z 
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3.7.2 Results and discussion 

3.7.2.1 S parameters and study of the bandwidth 

The stacked patches are suspended symmetrically above the aperture using micromachined 

SU8 polymer rims.  The reflection coefficient (S11) and VSWR parameters are plotted as a 

function of frequency from 6 – 10.5 GHz as shown in Figure 3.33.  The impedance 

parameters are plotted in Figure 3.34.  It can be seen from the plot that the reflection 

coefficient (S11) is lower than -10 dB and the VSWR lower than a value of 2 at 6.5 GHz.  

The plot also shows that the reflection coefficient (S11) is less than -5 dB from around 6 

GHz to 10 GHz that corresponds to attenuation or a loss of 30% power. 

 

Figure 3.33 Simulated reflection coefficient and the VSWR parameters for the optimized 
CPW fed micromachined aperture coupled stacked antenna 

 

Figure 3.34 Simulated impedance parameters for magnitude, real and imaginary values for 
the optimized CPW fed micromachined aperture coupled stacked antenna 
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The imaginary part of the input impedance curve from Figure 3.34 shows that the reactance 

switches from capacitive to inductive twice indicating a double coupling mechanism.  The 

wide bandwidth characteristic for the antenna device can be explained by the magnetic 

coupling of aperture to the top patch element and the mutual coupling between the patch 

elements [25]. The electric field coupling between the aperture and the top patch element is 

not present as it is seen that the bandwidth reduced when the middle patch element is 

removed.  The simulated bandwidth for the antenna device is 3.29 GHz.   

 

 

Figure 3.35 (a) 2D radiation patterns in E (x-z) plane and H (y-z) plane and (b) 3D 
radiation patterns for the optimized CPW fed micromachined aperture coupled stacked 

antenna at 8 GHz 

y 

x 

z 
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3.7.2.2 Normalised radiation patterns 

Figure 3.35 shows the 2D and 3D far field pattern for the CPW fed micromachined aperture 

coupled stacked antenna device.  The normalised radiation patterns for the E plane and H 

plane of the 3 D radiation pattern are plotted at different frequencies.  

 

6.5 GHz 7 GHz 

7.5 GHz 8 GHz 

8.5 GHz 9 GHz 



 94 

9.5 GHz 10 GHz 

10.5 GHz 

 

Figure 3.36 Simulated normalized E and H plane radiation patterns at different frequencies 
for the optimized CPW fed micromachined aperture coupled stacked antenna device 

Figure 3.36 shows the polar radiation pattern curves from 6.5 GHz to 10.5 GHz.  The E 

plane curve shows that there is no side lobe at the front side.  The radiation plots also show 

that there is backward radiation for frequencies below 7 GHz and above 10 GHz.  The 

minimum backward radiation for both E plane and H plane is around -17 dB within the 

radiation bandwidth.  It can also be seen that, the backward radiation in the E plane for the 

antenna device varies from -12 dB at 6.5 GHz to around -17 dB at 7.5 GHz and increases 

again to around -8dB at 10.5 GHz.  The variation in the radiation pattern can be attributed 

to the variation in the current distribution on the radiating patch elements with respect to 

frequency due to the electromagnetic coupling between the aperture and the radiating patch 

elements. From Section 3.3.1, the coupling mechanism is complex for an aperture coupled 

antenna device that involves combination of electric and magnetic coupling with respect to 

frequency.  The field coupling is thus efficient from 7 GHz to 10 GHz that shows a 

backward radiation less than -8dB while it is inefficient below 7 GHz and 10 GHz.  It can 
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also be concluded that the CPW fed micromachined aperture coupled stacked antenna 

device provides an improved front to back ratio in terms of radiation than the microstrip fed 

antenna devices.  

3.7.3 Effect of different substrate material 

In order to determine the effect of spacer material on stacked patch antennas,   and PTFE 

based stacked CPW antenna designs with similar dimensions as that of the CPW antenna 

shown in Figure 3.32, were designed and optimized for impedance matched performance.  

These two devices consist of 4 layers of FR4 or PTFE material with three stacked patches.  

The dielectric constant and the loss tangent for the FR4 material were taken as 4.2 and 

0.020 respectively [54].  Figure 3.37, Figure 3.38 and Figure 3.39 shows the reflection 

coefficient, efficiency and gain as a function of frequency for the three CPW fed 

micromachined aperture coupled stacked antenna configurations.  The rapid decrease of 

gain above 9 GHz of the FR4 based device is due to the increased reflection coefficient as 

the frequency is out of the band of operation.  

Table 3.6 Summary of the antenna performance parameters for different antenna 
configurations 

CPW fed antenna design Bandwidth 

(%) 

Peak gain 

(dBi) 

Efficiency 

(%) 

Suspended patches on PTFE substrate 

Stacked PTFE substrates 

Stacked FR4 substrates 

38.3 

30.1 

32.7 

7.8 

7.9 

3.6 

97.5 

99 

75 

 

It can be seen that there is little difference between the gain values of the stacked patch 

antenna based on multiplayer PTFE material and the device with suspended patch elements 

since the dielectric loss is low in both designs.  However, the micromachined device has a 

larger bandwidth.  The performance of the FR4 based multilayer antenna is much poor due 

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

Table 3.7 gives a summary of the performance parameters.  The bandwidth of the antennas 

was determined from the simulation results of the reflection characteristics.  The antenna 

device with suspended patches showed the best bandwidth of about 38% close to that 



 96 

required for ultra-wide band applications.  The present CPW fed micromachined aperture 

coupled antenna device and the stacked taconic based antenna device are more efficient 

than the stacked FR4 or the antenna with FR4 as the base substrate.  This is due to the 

higher substrate dielectric losses because of the higher dielectric and loss tangent values for 

the FR4 substrate.  The effects of dielectric properties on the quality factor and there by the 

performance on the patch antenna device are outlined in Section 2.2.2. 

 

Figure 3.37 Reflection coefficient (S11) results of the CPW fed micromachined aperture 
coupled stacked antenna for different substrate configurations 

 

Figure 3.38 Antenna efficiency results of the CPW fed micromachined aperture coupled 
stacked antenna for different substrate configurations 



 97 

 

 

Figure 3.39 Antenna gain results of the CPW fed micromachined 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 subarray configuration has been 

developed to achieve higher antenna gain values for the microstrip based planar patch 

antenna array configurations with a fewer number of elements and smaller array size [127-

129].  This concept can be extended for micromachined devices to achieve efficient 

subarray antenna configurations.  Micromachining of SU8 has been employed to fabricate 

compact, efficient higher gain and bandwidth antenna device at microwave frequencies.  A 

microstrip fed stacked patch antenna with a 2 x 2 subarray of patches is studied in this 

section. 

3.8.1 Antenna design and simulation 

The microstrip fed micromachined aperture coupled subarray antenna device was designed 

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

Substrate Thickness (mm) Dielectric constant Loss tangent 

Arlon substrate  

LCP film  

1.51 

0.1  

3.0 [122]  

3.2 [71] 

0.003 

0.002 

 

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

Parameter Microstrip fed device  (mm) 

Lower patch width 

Lower patch length 

Upper patch width 

Upper patch length 

Patch thickness 

Aperture length 

Aperture width 

Microstrip length 

Microstrip width 

Inner length of cavity 

Inner width of cavity 

Lower cavity height 

Thickness of polymer rim 

Upper cavity height 

LCP film thickness 

7.4 

13 

6.2 

7 

0.009 

9 

1.02 

20.1 

0.82 

23 

25 

1.2 

1.1 

1.2 

0.1 
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(a) 

 

(b) 

Figure 3.40 Schematic of the microstrip fed micromachined aperture coupled subarray 
antenna device.  The top view of the apertures and feed lines on the substrate surface 

corresponding to (a) is shown in (b). Wtp=7 mm, Ltp=6.2 mm, Llp=7.4 mm, Wlp=13 mm, 
Ls=20.1 mm, Ws=3.3 mm, Wa=9 mm, Lsep=6.8 mm, Wsep=4.6 mm, Lr=26 mm, Wr=28 mm 

Figure 3.40 shows the cross-sectional and top view of the device.  The design and 

modelling work for optimizing the antenna device was carried using the principles outlined 

in Section 3.5.  A microwave PCB material (AD300A, Arlon MED) was used as the 

substrate.  The dielectric constants of the LCP film, the SU8 polymer and the microwave 

substrate are 3.5, 4.2 and 3 while the corresponding loss tangents are 0.0026, 0.042 and 

0.003 respectively.  The dimensions of the polymer rim were chosen so as to achieve high 

efficiency and compact size for the stacked antenna in the simulation.  The device was 

expected to operate at the operation frequency of range 10 to 16 GHz with a wide 

bandwidth of about 6 GHz.  To form a stacked micromachined quad antenna subarray 

device, the device consists of a double cladded microwave PCB substrate and five 

x 

y 

z 
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suspended patches.  The device is fed through a microstrip and the intermediate patch 

element on a thin LCP substrate is excited through an aperture in the ground plane.  The top 

layer consists of four patch elements separated by optimum distances as shown in Figure 

3.40 (b).  Micromachined polymer rim spacer forms an air cavity between the ground and 

the intermediate patch layer.  A similar micromachined polymer rim configuration supports 

the top subarray patch elements.  The top patch and the middle patch width are 

approximated by Equations 3.29 and 3.30.  For this CPW fed stacked micromachined 

aperture coupled antenna device configuration, the top patch elements and the aperture 

were designed to be in close resonance while the microstrip line stub and the lower patch 

was used as the impedance tuning element for wideband operation.  Fine impedance tuning 

was achieved by adjusting the dimensions of the lower patch.  The aperture length was 

chosen to have a close resonance with that of the patches and the width was about one tenth 

of the length.  The heights of the air cavities were chosen based on a trade-off between the 

bandwidth and the challenges for fabrication.  The length of the feed line was then varied to 

obtain maximum bandwidth.  The lengths of the top radiating patch elements were fixed 

owing to the space limitations.  In order to obtain fixed band performance, the length of the 

aperture and the microstrip line were adjusted to tune the band of operation.  Fine 

impedance tuning was achieved by adjusting the dimensions of the lower patch.  The 

dimensions of the SU8 rims were determined to obtain a small footprint and higher antenna 

efficiency for the resultant antenna devices.  It was necessary to carry out several iterations 

of the above steps to obtain an optimized antenna structure for high gain wideband 

operation.  Table 3.8 and Table 3.9 show the electrical properties of the substrate and the 

design parameters for the microstrip fed micromachined aperture coupled subarray antenna. 

 

Figure 3.41 shows the electric and magnetic fields for the microstrip fed micromachined 

aperture coupled subarray antenna structure at 9.82 GHz.  The fields are plotted in vector 

and scalar form.  The field plots show that at the frequency of interest 9.82 GHz which is 

the efficient radiating frequency for the antenna structure, the fields satisfies the TM100 

mode at this resonant frequency.  The plot also shows that on the ground plane, there are 

also electric and magnetic fields that correspond to the propagating quasi-TEM (transverse 

electromagnetic mode) mode on the microstrip transmission line underneath the ground 

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



 101 

radiation that corresponds to these fields and there by increasing the front to back ratio of 

the radiation pattern. 

 

 

 
 

Figure 3.41 Field model showing the scalar (a) electric and (b) magnetic fields for the 
microstrip fed micromachined aperture coupled subarray antenna device at 13 GHz 

3.8.2 Results and discussion 

3.8.2.1 S parameters and study of the bandwidth 

To determine the performance of micromachined subarray antenna device, the reflection 

coefficient (S11) and VSWR parameters are plotted to determine the -10 dB bandwidth after 

optimising the antenna performance.  The reflection coefficient (S11) parameters are plotted 

as a function of frequency as shown in Figure 3.42.  

 

Figure 3.42 Simulated reflection coefficient and the VSWR parameters for the optimized 
microstrip fed micromachined aperture coupled subarray antenna 
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The impedance parameters are plotted in Figure 3.43.  It can be seen from the plot that the 

reflection coefficient (S11) is lower than -10 dB from around 9.72 GHz to 16.3 GHz and the 

VSWR is lower than a value of 2.  The plot also shows that the reflection coefficient (S11) 

is less than -5 dB from around 9.5 GHz to 16.5 GHz that corresponds to attenuation or a 

loss of ~ 30% of RF power.  The impedance plot shows that the real and total magnitude of 

the impedance lies in between 25 to 80 Ω and the imaginary oscillated from capacitive to 

inductive and is in between -35 to 20 Ω .  The bandwidth for the antenna device is about 

6.5 GHz.  The lower patch, the top four patches function as the resonators and the coupling 

between all these elements have resulted in a wide bandwidth device. 

 

Figure 3.43 Simulated impedance parameters for magnitude, real and imaginary values for 
the optimized microstrip fed micromachined aperture coupled subarray antenna 

3.8.2.2 Normalised radiation patterns 

Figure 3.44 shows the 2D and 3D far field patterns for the microstrip fed micromachined 

subarray antenna device.  The normalised radiation patterns for the E plane and H plane are 

plotted at different frequencies.  Figure 3.45 shows the polar radiation pattern curves for the 

frequency value of 9.5 GHz to 16.5 GHz.  The E plane curve shows that there is a 

significant side lobe in the front side which is seen at 14.5 GHz increasing with frequency 

and maximizes at 16 GHz.  The radiation plots also show that there is significant backward 

radiation for frequencies below 10.5 GHz and above 15.5 GHz.  The minimum backward 

radiation for both E plane and H plane is around -12 dB in relative magnitude within the 

radiation bandwidth. 
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(a) 

 
(b) 

Figure 3.44 (a) 2D radiation patterns in E (x-z) plane and H (y-z) plane and (b) 3D 
radiation pattern at 11 GHz for the microstrip fed micromachined aperture coupled 

subarray antenna 

y 

x 
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9.5 GHz 

 
10.5 GHz 

 
11.5 GHz 

 
12.5 GHz 

 
13.5 GHz 

 
14.5 GHz 

 
15.5 GHz 

 
16.5 GHz 

Figure 3.45 Simulated normalized E and H plane radiation patterns at different frequencies 
for the microstrip fed micromachined aperture coupled subarray antenna 
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It can also be seen from Figure 3.45 that the backward radiation in the E plane for the 

antenna device varies from -8 dB at 9.5 GHz to around - 12dB at 13.5 GHz, and increases 

again to around -8 dB at 16.5 GHz.  It can be concluded that the microstrip fed 

micromachined aperture coupled subarray antenna device has an improved front to back 

ratio over a micromachined aperture coupled stacked antenna 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 efficiency for the microstrip fed micromachined 

subarray antenna device with respect to frequency from 9.5 GHz to 16.5 GHz.   

 

Figure 3.46 Simulated gain, directivity and radiation efficiency of the microstrip fed 
micromachined aperture coupled subarray antenna device 

It can be seen from the plot the gain curve follows the directivity curve suggesting almost 

100 % radiation efficiency within the radiation bandwidth region.  The gain and efficiency 

increases from about ~ 7 dBi at 9.5 GHz to ~ 11.2 dBi at 14 GHz and then fall back below 

8 dBi beyond 15.5 GHz.  The variation of directivity and gain over the radiation bandwidth 

is around 4 dBi.  The radiation efficiency is about 0.975 for the entire radiation bandwidth.   

3.9 SUMMARY 

Electromagnetic analysis techniques for micromachined aperture coupled patch antenna 

devices are presented in this chapter.  The detailed design and simulation of several 

micromachined antenna devices were discussed  
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A bandwidth of 2.3 GHz (17%) is obtained for microstrip fed micromachined aperture 

coupled patch antenna device.  The peak antenna gain is 8.3 dBi.  The antenna radiation 

patterns show that there is significant backward radiation and significant side lobes in the E 

plane.  The backward radiation pattern for both the E plane and H plane for the aperture 

coupled device is around -8 dB and also increases with frequency.  The effects of different 

dimensions of the polymer rim are studied for the change in bandwidth and the gain of the 

antenna device.  The gain, directivity and efficiency variance is minimal for the dimensions 

of 16 mm ×16 mm and 20 mm ×20 mm while a reduction is observed for the dimensions of 

12 mm ×12 mm.  A bandwidth of 3.74 GHz (40%) is obtained for the microstrip fed 

micromachined aperture coupled stacked antenna device and thus almost doubled with 

respect to the non stacked antenna device.  The peak antenna gain is 7.8 dBi.  The 

minimum backward radiation is also decreased for both E plane and H plane and is around -

12 dB within the radiation bandwidth.  The variance of directivity and gain with in the 

radiation bandwidth is below 1 dBi while it varies significantly out of the radiation 

bandwidth.   

 

A bandwidth of 3.29 GHz (39%) is obtained for the CPW fed micromachined aperture 

coupled stacked antenna device with a peak antenna gain of 7.6 dBi.  The minimum 

backward radiation for both E plane and H plane is around -17 dB in magnitude within the 

radiation bandwidth.  It can thus be concluded that this micromachined aperture coupled 

stacked antenna device posses an improved front to back ratio in terms of radiation than 

with a microstrip fed micromachined aperture coupled antenna device.  A CPW feed also 

facilitates the easy integration of the antenna device with other surface mount passive 

devices.  For comparison, FR4 and PTFE based stacked CPW antenna designs with similar 

dimensions as that of the CPW antenna are also designed and optimized for impedance 

matched performance.  It was seen that there is little difference between gain values of the 

stacked patch antenna based multiplayer PTFE material and the devices with suspended 

patch elements since the dielectric loss is low in both designs.  However, the 

micromachined device possessed a larger bandwidth.  The performance of the FR4 based 

multilayer antenna is much poor due to the well known lossy behaviour of the FR4 material 

beyond the GHz frequency region. 
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Table 3.9 Summary of the antenna parameters for the micromachined aperture coupled 
antenna devices 

Micromachined antenna device Bandwidth 
(GHz) 

Bandwidth 
(%) 

Gain 
(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 
antenna device 

3.29 39 7.6 

Microstrip fed subarray device 6.58 50 11.2 
 
A bandwidth of 6.58 GHz (50%) is obtained for the microstrip fed micromachined aperture 

coupled subarray antenna device with a peak antenna gain of 11.2 dBi.  The minimum 

backward radiation for both E plane and H plane is around -12 dB within the bandwidth.  

The micromachined sub array antenna device thus posses better bandwidth and gain than 

the other micromachined antenna devices.  The drawback for this antenna device is 

variance of directivity and gain with in the radiation bandwidth of around 4 dBi.  The 

radiation efficiency varies from about 0.91 to close to 0.99 for all of the micromachined 

antenna devices.  Table 3.10 summarises the antenna parameters for the micromachined 

aperture coupled antenna devices. 
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CHAPTER 4 FABRICATION AND ASSEMBLY 

4.1 INTRODUCTION 

The design and simulation of micromachined aperture coupled antenna devices was 

presented in Chapter 3.  This chapter describes the construction of the antenna devices 

using microfabrication and microassembly methods.  Polymer rims were fabricated to 

create air gaps between the patch and the substrate in order to achieve wide band and high 

efficiency antennas.  The antenna structures were fabricated in layers and assembled using 

the micromachined polymer spacers.  Low cost materials like SU8, polyimide film and 

LCP substrate were used for the fabrication of the micromachined aperture coupled antenna 

devices.  The feeding and aperture features were fabricated on microwave substrates while 

the radiating patch elements were fabricated on the polyimide and LCP substrates.  UV 

lithography techniques (for SU8) followed by microassembly techniques have been used to 

produce the micromachined devices. 

4.2 UV PHOTOLITHOGRAPHY 

UV photolithography is the process extensively used for the manufacture of the electronic 

integrated circuits to transfer the physical layout pattern from a photomask to a photoresist 

layer deposited on the surface of a substrate.  The photolithographic process involves the 

following steps (a) substrate preparation (b) spin coating (c) soft bake (d) exposure (e) hard 

bake (f) development [94, 130].  The sequence of steps involved will differ with the kind of 

photoresist employed, with the end application and the various MEMS (Micro Electro 

Mechanical Systems) fabrication methods used. 

 

The flow chart in Figure 4.1 shows the sequence of steps that were involved in 

photolithographic process.  The baked photoresist films were exposed through a photomask 

which changes the solubility of the photoresist in the suitable developer solution.  In the 

case of positive photoresist, the UV exposed areas dissolve while the unexposed areas are 

retained.  In the case of the negative photoresist, the UV exposed areas are cross-linked or 

hardened while the unexposed areas are dissolved.  After development, the pattern on the 

photomask or its negative was produced in the photoresist film.  The photolithographic 
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process involved ultra thick photoresist layers of tens of microns to millimetres.  The 

photolithographic processes outlined above are described in Appendix A2. 

 
Figure 4.1 Sequence of steps involved in a photolithographic process 

4.3 MATERIALS FOR MICROMACHINED ANTENNA DEVICES  

4.3.1 SU8 

SU8 is a negative, epoxy-type, near-UV photoresist based on EPON SU8 epoxy resin 

(Shell Chemical) that was originally developed and patented (US Patent No. 4882245 

(1989)) by IBM [131, 132].  The chemical structure of the Bisphenol A Novolak epoxy 

oligomer, contained in SU8 is shown in Figure 4.2 [130].  Eight reactive epoxy 

functionalities allow a high degree of cross-linking after photo-activation.  It has an 

exposure window in the i-line region of the UV spectrum.  The SU8 photoresist can be used 

to produce films as thick as 2 mm with an aspect ratio more than 20 using spin coating and 

standard contact lithography equipment.  Other methods such as blade coating and casting 

can be used to produce thicker SU8 films.  The SU8 polymer is a well known as a 

micromachining material for MEMS applications.  It is a low cost material, easy to deposit 

in thick films by spin coating or spreading, low processing temperature (~110°C) and 

chemically inert.  A wide range of film thicknesses from microns to millimetres can be 

obtained by modifying the composition of the chemical formulations for film deposition.  

The thick film and high aspect ratio capabilities have made the SU8 polymer an ideal 

material for the spacer rims for the antenna devices.  The RF properties of the SU8 material 

are studied recently from 1 GHz to up to 40 GHz.   

PPhhoottoorreessiisstt  
aapppplliiccaattiioonn  

SSoofftt  bbaakkee  

EExxppoossuurree  DDeevveellooppmmeenntt  HHaarrdd  bbaakkee  

SSuubbssttrraattee  
pprreeppaarraattiioonn  
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Figure 4.2 Chemical structure of the Bisphenol A Novolak epoxy oligomer contained in SU8 
formulation. [130] 

4.3.2 Thin film substrates 

4.3.2.1 Polyimide film 

Polyimide film was used as a substrate material for fabrication of the patch elements and 

the supporting SU8 rim structures for the micromachined aperture coupled antenna devices.  

The polyimide film used is from DuPont Kapton film with thickness of 125 µm.  This low-

cost flexible film has excellent thermal and mechanical properties for this application [120].   

To facilitate the patch fabrication using UV photolithography and SU8 patterning, a large 

polyimide sheet was sheared into circular sheets of 3” diameter and then attached onto the 

3” glass wafers by gluing it with spin coated AZ 9260 photoresist.  Before attachment, both 

the polyimide sheets and the glass wafers were cleaned using the cleaning method 

introduced previously.  The AZ 9260 photoresist was spin coated onto the glass wafer with 

a spin velocity of 5000 rpm for gluing the polyimide sheet onto the glass wafer.  After 

baking the wafer on a hotplate at 80°C for 20 minutes, the polyimide sheet was attached 

onto the glass wafer.  The glass wafer provides mechanical support to the polyimide film 

for photoresist deposition, exposure and electroforming if required. 

4.3.2.2 Liquid Crystal Polymers 

Liquid crystal polymers was another thin film carrier material for fabrication of the antenna 

patch elements and SU8 supporting rim structures for the micromachined aperture coupled 
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antenna devices.  This low-cost flexible film has excellent thermal and mechanical 

properties for this application [133].   

The unique properties of liquid crystal polymers (LCP) arise from their rigid, rod-like 

molecules that maintain a crystalline order even in the liquid or melt phase.  The first 

commercial LCP was a lvotropic (solution processed) polymer from which DuPont was 

developed by KevlarB fibre in 1965 [134]. 

4.4 OVERVIEW OF ANTENNA FABRICATION AND ASSEMBLY  

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

based fabrication process was implemented to obtain precision metal patterns on the 

substrates with the aim of reducing metal losses at higher frequencies.  Electrical properties 

of the substrate and package materials are critical in the design of microwave circuits and 

devices.  Selection of materials with lower permittivity and loss tangent was essential for 

packaging of antenna based systems.   

 

Figure 4.3 Illustration of the assembly method for fabrication of a generalised micromachined 
antenna device. 

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

were chosen such that the antenna devices could potentially be integrated into a microwave 

Patch 

Thin film 
substrate Polymer 
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Aperture in the ground 
plane 

Microstrip feed 

Microwave substrate 
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system using MMIC (Monolithic Microwave Integrated Circuits), SMT (Surface Mount 

Technology), SIP (System in a Package) and SOP (System on a Package) based 

approaches. Potentially the MMIC can be inserted in the air cavity of the micromachined 

aperture coupled antenna devices.  Figure 4.3 shows the schematic of the layers for a 

micromachined aperture coupled antenna device with multiple patches to illustrate the low 

temperature fabrication method.  For example, In order to produce a microstrip fed aperture 

coupled micromachined antenna device, the process flow was followed.  The feeding and 

coupling structures were produced on a PCB substrate using the conventional PCB 

technology or a microfabrication method for devices requiring high resolution metal lines 

and aperture structures.   

 
 

 
 

Figure 4.4 Schematic of the fabrication flow on (a) microwave substrate (b) polyimide film 
(c) assembly of the first patch (d) assembly of the second patch 
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The patch elements and the supporting micromachined polymer structures were fabricated 

on thin film polymer substrates.  Polyimide and liquid crystal polymer thin films were 

suitable materials as the substrates for supporting the patches.  After fabrication of the 

patch, the millimetre thick polymer structure for supporting the thin film substrate was 

fabricated using a surface micromachining method based on UV lithography.  An 

additional polymer spacer was fabricated on the PCB substrate in order to produce a larger 

air gap between it and the polymer substrate about it.  In this case the two spacers should be 

matched.  The layers of the antenna were then aligned and bonded together to produce a 

stacked patch antenna device.  Figure 4.4 shows the process steps for producing the 

micromachined antenna devices presented in Chapter 3. 

 

The micromachined aperture coupled antenna devices utilised the free-standing patch 

elements to achieve high efficiency and improved bandwidth and the key process to 

achieve this is the assembly of the fabricated polymer rims.  The fabricated substrate layers 

were assembled using a low temperature polymer bonding process to form high 

performance antenna devices.  This was a new method for creating antenna devices with 

suspended patch elements.  Flip chip assembly of the patch onto the microwave substrate 

was achieved by bonding the polymer rim on the patch to the corresponding one on the 

microwave substrate.  The bonding process was carried out manually on a hotplate.  Figure 

4.4 (c) and (d) illustrates the process steps for assembly of a microstrip fed aperture coupled 

micromachined antenna device.  A thin layer of SU8-5 solution was applied to the top 

surface of the polymer rims as the bonding material for antenna assembly.  The polyimide 

film supporting the lower patch was attached to the substrate by bonding of the SU8 rim on 

the polyimide film to the corresponding one on the base substrate.  Then the polyimide film 

with the top patch was attached to the polyimide substrate of the lower patch by bonding 

the SU8 rim to the polyimide film.  Precision alignment marks on the polyimide films 

(transparent) and the base substrate were used to facilitate the accurate alignment of the 

layers.  The bonding process could be carried out on a hotplate 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 

Gamma-Butyrolactone liquid 

Photo initiator 

60.9% 

21.1% 

6% 

 

The assembly was heated to 55oC and maintained at this temperature for 10 minutes for 

bonding the two polymer rims together.  After patch assembly, an SMA connector was 

attached to the microstrip and ground plane on the microwave substrate to obtain an 

antenna device for RF characterization.  The assembly process for the microstrip fed 

micromachined aperture coupled stacked antenna device is illustrated in Figure 4.4(c) and 

(d).  The polyimide film supporting the lower patch was attached to the substrate by 

bonding the SU8 rim on the polyimide film to the corresponding one on the base substrate.  

Then the polyimide film with the top patch was attached to the polyimide substrate of the 

lower patch by bonding the SU8 rim to the polyimide film.  Precision alignment marks on 

the polyimide films and the base substrate were used to facilitate the accurate alignment of 

different layers.  After the assembly process a micromachined stacked patch antenna device 

was obtained.  For RF characterization, an SMA connector was attached to the microstrip 

and ground plane on the microwave substrate.  Other micromachined aperture coupled 

antenna devices are assembled with the similar process as outlined for the microstrip fed 

micromachined aperture coupled stacked antenna device.   

4.5 PHOTOMASK DESIGN 

Photomasks were required for UV photolithography for the micromachined aperture 

coupled antenna devices.  Photomasks were designed for fabrication of the feeding lines, 

apertures on the ground planes, SU8 polymer rims and the radiating patch elements for the 

all of the micromachined aperture coupled antenna devices as described in Chapter 3.   
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Figure 4.5 Schematic of the microstrip fed micromachined aperture coupled antenna device 
from the top view  

 

In the case of the CPW fed micromachined aperture coupled antenna device, the CPW 

feeding line and the ground plane were on the same side of the substrate.  This device 

reduced the need of an extra mask.  Figure 4.5 shows the schematic of the microstrip fed 

micromachined aperture coupled antenna device from the top view.  Figure 4.6 shows the 

schematics of the photomask designs for microstrip fed micromachined aperture coupled 

antenna device.  For the SU8 polymer rims, photomasks for negative photoresist were 

designed.  Four photomasks were produced for microstrip fed micromachined aperture 

coupled antenna devices.  The first photomask contained the pattern of the microstrip feed 

line.  The second photomask contained the pattern of the aperture on the top side of the 

base substrate.  The third photomask contained the patterns for fabrication of the patch 

elements on polyimide substrate.  The fourth photomask contained the patterns for 

fabrication of SU8 polymer rims on the polyimide and base substrate.  The photomasks 

were designed for microfabrication on 3” glass and silicon wafers using a positive tone 

photoresist.   
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Figure 4.7 shows the schematics of the photomask designs for the CPW fed micromachined 

stacked antenna device.  Four photomasks were designed and produced.  The first 

photomask contained the patterns of the aperture and the ground on the top side of the base 

substrate.  The second photomask contained the patterns for fabrication of the patch 

element on LCP substrate for the upper layers.  The third photomask contained the patterns 

for fabrication of the patch element on LCP substrate for the lower layer.  The fourth 

photomask contained the patterns for fabrication of SU8 polymer rims on the LCP and base 

substrates.  A software package, Tanner L-Edit, was used to design the photomasks.  L-Edit 

comprised of an integrated circuit layout editor that employed various drawing and editing 

tools in order to produce a schematic of the mask with precision in nanometres.  The 

designed photomask patterns were printed onto flexible mylar substrates using a high-

resolution (up to 64,000 dpi) plotter.  The transparent areas in the film allowed the UV light 

to pass through the photomask, while the non transparent (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 separate cell.  To merge different mask layout, 

the layout in one cell could be superimposed on another cell by a process called a cell 

instance.  To begin the mask drawing process, the default design unit in micron was used.  

The mask designs were drawn in units of microns for better precision.  The boolean 

operations such as AND, OR and XOR were employed to obtain complex shapes such as 

the apertures on the ground plane and the CPW feed line etc.  The masks were drawn in the 

positive mode in the case of metallic patterning and in negative mode for the SU8 polymer 

rim.  The masks were drawn in the positive mode initially and in negative mode using the 

boolean operations.  The track length and width of the alignment marks were 1 mm and 500 

µm respectively.  Alignment marks were important in the photomask design because the 

different layers could be built on one substrate or on different substrates and subsequently 

assembled to obtain a device.  Four alignment marks were positioned at the corners of each 

photomask.  The alignment marks (‘+’) were used for the microstrip fed micromachined 

aperture coupled antenna device while a negative version of this symbol was used for the 

photomasks for the CPW fed device as shown in Figure 4.7. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.6 Schematic of the photomask designs for fabrication of the microstrip fed 
micromachined aperture coupled antenna device with the alignment marks. The photomasks 
shown are for (a) Microstrip feed line, (b) Ground plane and the aperture (c) Patch element 

and (d) Polymer rim 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.7 Schematic of the photomask designs for fabrication of the CPW fed 
micromachined aperture coupled stacked antenna device. The photomasks shown are for (a) 
CPW feed line, ground plane and the aperture (c) Top patch element and (d) Polymer rim. 

The alignment marks used for the CPW design could result in better alignment accuracy of 

layers during UV exposure and also during the assembly process as it was a distinctive 

combination of square and (‘+’) alignment mark.  For printing the mask, the CAD 

(computer aided design) was transferred on to a mylar film.  The photomasks in L-Edit 

were exported to a design file of GDSII format.  The GDSII file was converted into a 

Gerber file using the CAD file format conversion software, LinkCAD.  The photomask was 

printed by an external photomask supplier, JD Photo-Tools Ltd.   

4.6 FABRICATION  

The design dimensions used for the fabrication of the micromachined aperture coupled 

antenna devices have been described in Chapter 3.  Figure 4.5 shows the schematic of the 

microstrip fed micromachined aperture coupled antenna device from the top view.  From 

the schematic it can be seen that the dimensions of the base substrate is larger than 
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polyimide substrate used for supporting the patch element.  If the dimensions of the base 

substrate were similar in dimensions as that of the polyimide substrate in order to design 

compact antennas, this would result in a reduction in antenna efficiency.  The 

micromachined aperture coupled antenna devices were to be fabricated on a 3 inch wafer 

and two devices could fit in single 3 inch wafer.  In order to facilitate the RF 

characterisation of the antenna devices after fabrication, care has been taken in the design 

for the SMA probes to slide well on to the microstrip or the CPW lines by allowing 

adequate spacing from the SU8 polymer rim.  Adequate microstrip and CPW line widths 

have also been designed in order to match the central pin of the SMA connector. 

4.6.1 Fabrication of microstrip feed and aperture on the base substrate 

Commercial microwave substrates Arlon (AD300A) and Taconic (TLY-3-0200-CH/CH) 

were used as the base substrates for fabrication of the micromachined aperture coupled 

antenna devices.  Low-cost sodium silicate (glass) substrates were used as carriers for the 

thin film substrates in the fabrication process.  For the fabrication of the microstrip 

structure, one AZ 9260 photoresist layer was used and for the fabrication of the aperture in 

the subsequent processing step, the other one was used to protect the copper layer on the 

other side of the substrate.  The copper layer was electrodeposited using ferric chloride 

based copper etchant after UV photolithography of the photoresist layer.  Acetone was then 

used to strip away the photoresist layers on both sides of the substrate.  For fabrication of 

the aperture, the above process was repeated.  For the CPW fed micromachined aperture 

coupled stacked antenna device, the CPW feed and the aperture were fabricated on the 

same side of the Taconic substrate.  Figure 4.8 shows the schematic of the fabrication steps. 
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Figure 4.8 Process flow of substrate fabrication for the microstrip fed micromachined 
aperture coupled antenna device  

4.6.1.1 Photoresist deposition 

The glass wafers and the microwave substrates were cleaned to ensure that they were free 

of contaminants and moisture.  The wafer cleaning process was carried out using an 

ultrasonic bath (Grant MXB14).  The glass wafers were mounted on a wafer holder and 

placed in a beaker containing de-ionised water (DI water) mixed with detergent.  A 

commonly used detergent for wafer cleaning, Decon 90, was used.  The concentration of 

the detergent liquid was 10 ml/L.  The substrates were cleaned in the ultrasonic bath for one 

hour at 30°C.  After the ultrasonic cleaning, the substrates were rinsed in DI water for one 

hour under the same ultrasonic conditions.  Then the wafers were taken out from the beaker 

and dried using compressed dry nitrogen.  The wafers were ready for fabrication of the 

antenna devices as described in the following sections.  After cleaning and drying, both 

sides of the substrate were deposited with a photoresist layer.  Deposition of the AZ 9260 

[135] photoresist layer onto the seed layer of a carrier wafer was carried out as described in 

Section 4.2.3.  The AZ 9260 photoresist was sensitive to the ultraviolet light of the 

spectrum from 320 nm to 410 nm, so a UV filter was not necessary.  The spin conditions 

are summarised in Table 4.4.   

(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 

(d) Through hole and AZ photoresist spin 
coating and soft bake for the aperture. AZ 
photoresist spin coated to protect the 
reverse side. 

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



 121 

4.6.1.2 Soft bake 

Soft bake for the photoresist was carried out on a hotplate.  The hotplate provided a well 

controlled temperature and heat distribution to bake the photoresist film.  The substrate 

wafer coated with the photoresist film was placed on the hotplate and baked at the 

temperature of 80°C for the required duration.  The solvent in the photoresist was driven 

out from the resist film by thermally activated solvent diffusion and evaporation.  The 

solvent diffusion rate is a function of the solvent concentration in the resist and the baking 

temperature.  After soft bake, the solvent contained in the photoresist was removed and a 

solid photoresist film with a flat surface was produced on the substrate wafer.  After 

deposition, the substrate wafer was left at room temperature for 10 minutes to allow the air 

bubbles trapped in the resist film to propagate to the surface in order to eliminate the 

formation of defects in the photoresist layer after baking.  Also, AZ 9260 required a certain 

amount of water for the photochemical reaction to take place during the UV exposure 

process.  Therefore an adequate delay of the UV exposure was necessary for the wafer to 

cool down to the room temperature and to allow the re-hydration of the photoresist.  The 

wafer was kept in the standard clean room environment after 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 baking, the photoresist film on the substrate wafer 

was exposed to UV light through a photomask to transfer the patterns of microstrip feed 

and the aperture from the photomask into the photoresist film.  The UV exposure of the 

photoresist film was carried out on a UV mask aligner (Mask Alignment and Collimated 

UV Exposure System, Model 152, Tamarack Scientific Co. Inc) as outlined in Section 

4.2.5.  The polyester photomask with the pattern of the microstrip feed line structures were 

placed on the photomask holder with its film side facing the wafer.  The photomask was 

held in place by turning on the vacuum at the photomask holder.  The mask aligner had a 

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

4.6.1.4 Development and copper etch 

Post exposure bake was not required for the AZ 9260 photoresist.  The photoresist 

development was a process in which the photoresist is selectively removed, wherein the 

selection came from the UV exposure.  AZ 400K (AZ electronic materials, Clariant 

Corporation) was the developer for the development of the exposed AZ 9260 photoresist 
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film.  It was diluted using de-ionised water (1:3) to make up the developer solution.  

Careful control was necessary to ensure a well defined microstrip line.   

 

(a) 

 

(b) 

Figure 4.9 Optical images of (a) a feeding microstrip and (b) a coupling aperture on a 
substrate after fabrication for the microstrip fed micromachined aperture coupled antenna 

device  

The substrate wafer with the photoresist film was immersed into the developer solution in a 

petri dish.  The dish was shaken gently by hand to increase the rate of development.  The 

development was monitored by visual inspection or on a ZYGO interferometer.  After the 

photoresist development and removal, the substrate wafer was removed from the petri dish, 

rinsed with de-ionised water and blown dry with compressed nitrogen gas.  The exposed 

copper was etched in a ferric chloride based etching bath as described in Section 4.2.7. The 

remaining photoresist layer was then removed by immersing the substrate in acetone.  For 

alignment of the microstrip to the aperture to be fabricated on the opposite side of the 

substrate in the subsequent fabrication process, precision holes were drilled at the corners 

of the substrate using a mechanical drilling method.  Then both sides of the substrate were 

coated with a photoresist layer for fabrication of the coupling aperture and protection of the 

microstrip line.  The same photoresist patterning and metal etching processes as for the 

microstrip were repeated to obtain the aperture on the ground plane.  The process flow of 

substrate fabrication for the microstrip fed antenna device is summarized in Figure 4.8.  

Figure 4.9 shows the images of the fabricated microstrip line and aperture on the substrate 

for the microstrip fed micromachined aperture coupled antenna device.  
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4.6.1.5 Optimisation of photolithographic parameters for AZ 9260 photoresist 

The patterned photoresist film worked as a mould for electroforming and etching processes 

in order to obtain conductor patterns for the microstrip fed micromachined aperture coupled 

antenna device.  The parameters of soft bake, exposure UV energy dose and developing 

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

 

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

Various defects rose in the photoresist film due to inappropriate photolithographic 

parameters and hence the electroformed or etched metallic structures deviated from the 

original design.  Therefore optimisation of the photolithographic parameters was crucial for 

obtaining better photoresist films for electroplating or etching purposes.  The 

manufacturer’s guide of AZ 9260 did not give any explicit photolithographic parameters for 

processing the AZ 9260 photoresist films of ~ 10 µm of thickness.  They were determined 

and optimised through experimentation.  For film thickness of 10 µm, soft baking at 80°C 

for less than 3 minutes was inadequate.  Fully exposed AZ 9260 photoresist released large 

volume of nitrogen gas in the photochemical reaction.  Ideally it diffused through the resist 

to the film surface without forming bubbles.  However in the case of rich solvent remaining 

in the photoresist film, the nitrogen gas generated during exposure was trapped in the film 

to form bubbles inside the film.  Bubbles formed at the interface of the photoresist film and 

the substrate reduced the adhesion of the film to the substrate.  The trapped bubbles also 

changed stress distribution in the photoresist film and hence caused cracks in the film.  Soft 

baked time was increased in steps of 2 minutes keeping the exposure and development 

times constant at 500 mJ/cm2 and 2.5 minutes.  It was found that a soft bake period of 10 
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minutes at 80°C for the film thickness of 9 µm gives better features after exposure and 

development and to reduce cracking in the AZ film after exposure. 

Table 4.2 Optimisation of photolithographic parameters for AZ 9260 photoresist 

 Insufficient Excessive 

Soft bake Mask contamination 

Air bubbles creation 

Photoresist film delamination after 

hard bake 

Excessive development after 

exposure 

Broaden pattern due to the 

radiation profile 

Exposure Excessive resist development after 

hard bake 

Broadened pattern due to 

excessive radiation intensity 

Excessive stresses and possible 

delamination during 

development. 

Development Photoresist residues 

Metal delamination 

Over development and rough 

sidewalls 

Delamination of the developed 

structures 

 

UV dose parameters of 400 mJ/cm2 recommended by the data sheet of the AZ 9260 

photoresist were used initially and were found to produce undeveloped feature after 

development.  The strategy to find the appropriate UV energy dose for exposure was 

similar to that for bake time optimisation.  The resultant photoresist structures were 

inspected under the optical microscope to determine if the exposure intensity was 

insufficient or excessive.  The UV energy dose was then increased or decreased accordingly 

in the subsequent photolithographic experiments until an optimised value was found.  

Insufficient exposure resulted in excessive developing time and slanted side walls.  The 

cross-sectional schematic in Figure 4.10 shows the intensity distribution of the UV light 

through an aperture of a photomask in the photoresist film.  The UV intensity at the bottom 

of the resist film was lower than the intensity near the surface due to the absorption and 

diffraction of the UV light by the photoresist.  When the exposure time was insufficient, the 

photoresist near the bottom of the film was unable to absorb enough UV energy dose to 

complete the full photochemical reaction.  The exposure parameters are optimised first 

starting with initial 3 minutes soft bake and 2.5 minutes development and then the soft bake 
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parameters are optimised.  An optimised value for UV exposure of 500 mJ/cm2 is found to 

be adequate for the microstrip feed and aperture features.  Table 4.2 shows the optimised 

photolithographic parameters for AZ 9260 photoresist. 

4.6.2 Fabrication of patch elements on thin film substrates  

Polyimide and LCP films were used as thin substrates for fabricating patch elements for the 

micromachined aperture coupled antenna devices.  As the polyimide film substrates did not 

have a copper cladding layer, a copper foil of 9 µm of thickness from Taconic was 

laminated on the substrate for patch fabrication.  Electroplating technique was used to 

fabricate the patch on a polyimide substrate of 125 µm (Dupont) of thickness for the 

microstrip fed micromachined aperture coupled antenna device. For the other antenna 

devices, the etching method after photoresist patterning was used.  Figure 4.11 shows the 

process flow for fabrication of the patch elements on a thin film substrate sing the etching 

approach. 

 

Figure 4.11 Fabrication flow for the suspended patch elements for the micromachined 
aperture coupled antenna devices 

After deposition of thin layers of titanium and copper on the polyimide substrate using the 

electron beam deposition method as described in Section 4.2.4.1, a layer of photoresist film 

was deposited on the substrate using the same process as described previously.  The 

photoresist material was spin coated on the thin film substrates directly without the electron 

beam deposition for the etching based fabrication method.  The photoresist layer was then 

(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 
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patterned to expose the area of the copper film for patch fabrication.  In order to produce a 

film of thickness of about 8 µm for the patch, electroplating was carried out in a copper 

plating bath by using a current density of 1 A/dm2 for the microstrip fed micromachined 

aperture coupled antenna device.  The photoresist films were then removed for fabrication 

of the polymer supporting rim.  Several patches can be fabricated on a polymer film.  The 

alignment marks were fabricated at the same time as that for the patches.  

4.6.3 Fabrication of micromachined spacers 

In order to obtain SU8 rims on the base and thin film substrates, surface micromachining of 

the SU8 film by photolithography was carried out.  The millimetre thick polymer spacer 

rims were fabricated on the thin film substrates after patch fabrication using the polymer 

surface machining method.  Polymer micromachining, a process where high aspect ratio 

polymer structures are fabricated out of a thick polymer film on a substrate was utilized for 

fabricating the SU8 polymer rims.  Photo-imageable SU8 epoxy polymer was used to 

produce the polymer structures on the substrate layers for constructing the microstrip fed 

micromachined aperture coupled antenna device.  In order to create a large air gap between 

the microwave substrate and the suspended patch above it for the microstrip fed devices, a 

pair of matching spacer rims were fabricated, one on each of the microwave and the film 

substrate respectively.  Fabrication of the millimetre thick SU8 spacer rims on the rigid 

Arlon MED and Taconic substrates were found to be more challenging than the thin film 

substrates and thus an optimized process for soft baking was developed.  Delamination of 

the SU8 spacer rims from the substrate could occur after the fabrication process due to the 

higher interfacial stress built up in the baking process prior to photolithography.  The 

increased stress was caused by the larger CTE mismatch between the SU8 layer and the 

rigid microwave PCB substrate than the film substrate.   

Table 4.3 Composition of the SU8-100 solution. 

Composition Percentage 
 

SU8 resin 

Gamma-butyrolactone liquid 

Photoinitiator 

 

72.9% 

21.1% 

6% 
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Figure 4.12 Fabrication flow for the SU8 polymer rim for the microstrip fed micromachined 
aperture coupled antenna device 

However this problem was solved by careful control of the temperature profile in the soft 

baking process, a smooth temperature profile in the heating and cooling processes is 

required [137].  The SU-100 polymer solution was prepared in house in order to fabricate 

millimetre thick polymer spacers.  The composition of the solution is given in Table 4.3.  

The dimensions and fabrication parameters for the polymer rims for various antenna 

designs are outlined in Table 4.4 and Table 4.5.  Figure 4.12 shows the process flow for 

fabrication of SU8 spacer rims on the substrate layers for antenna assembly.  The required 

spacer thickness for each antenna layer was obtained by controlling the spin speed and time 

in the deposition of the SU8 layer.  The thin film or base substrate was cleaned prior to the 

application of the photoresist by placing the spinning chunk at 4000 rpm.  Acetone was 

applied to the substrate first followed by Isopropanol.  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 done by applying SU8 on to the base 

substrate or thin film substrate using a normal pipette at ambient temperature.  

Approximately an amount of 12-15 mL of SU8-100 was dispensed on to the centre of the 

substrate or thin film for uniform coating.  The substrate or thin film was spun at different 

spin velocities and ramp (acceleration) rates.  The wafer was spun at 70 rpm, 30 r/s, 20 s for 

the initial spin cycle.  The spread cycle parameters and the smoothing cycle parameters are 

(a) Polyimide substrate with patch and 
glass substrate attached for support 

(b) SU8-100 photoresist spin coating and 
soft bake 

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

(d) After removal of the glass substrate 
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given in Table 4.4 and Table 4.5 in order to achieve various thicknesses for various 

micromachined aperture coupled antenna devices.  Any bubbles larger than ~2 mm of 

diameter were removed using tip of a spatula.  The edge bead on the wafer was removed by 

using the outer edge of the pipette.  This was achieved by resting the pipette’s outer edge on 

the edge of the wafer and manually rotating the wafer on the spin chuck.  The wafer was 

then removed from the spin chuck and the SU8 photoresist allowed to planarize on a level 

surface for 30 minutes to 1 hour. 

4.6.3.2 Prebake 

After the application of the photoresist for the purpose of soft baking of the SU8 

photoresist, an initial temperature of 65oC was used for 5 minutes and then ramped up to 

95oC linearly in 5 minutes.  Thereafter the temperature of the hot plate was maintained at 

95oC.  The duration for various thicknesses is provided in Table 4.4 and Table 4.5.  It is 

important that at which the actual temperature of the hot plate was set to, as a slight change 

in temperature or baking time could cause a huge difference in the behaviour of the 

photoresist film.  Figure 4.13 shows the temperature profile in the prebake process for SU8 

films. 

 

Figure 4.13 Temperature verses time plot for the prebake process for SU8 wafer. 

The tilting angle for the wafer to be baked was to be considered in order to achieve uniform 

film thickness.  A small tilting angle from the horizontal plane could introduce a significant 

difference of thickness at different ends of a wafer as depicted in Figure 4.14.  The 

difference in height between the two polymer rim ends can be given by  
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( )θsinaH =∆                                                                  (4.1) 
For example if θ equal to 0.25o and for a polymer rim of dimensions 20 mm × 20 mm, the 

difference in height would be around 87 µm.  It has been found that this variation in height 

would not affect the performance of the antenna performance.  The 0.25o of tilt was within 

the sensitivity limit of a spirit based levelling tool used for the hotplates. 

 

Figure 4.14 Illustration of tilted wafer and uneven SU8 photoresist 

4.6.3.3 UV exposure 

After soft baking, the film was exposed to the i-line (365 nm) of the UV source on a mask 

aligner using the photomask with the patterns of the spacer rims. The process was outlined 

in section 4.2.4.4.  Higher absorbance was seen at shorter wavelengths than at longer 

wavelengths when the UV absorption spectrum of the unexposed SU8 resist was observed 

with a spectrometer.  The change in absorbance of UV light during exposure was also 

observed to increase at shorter wavelengths.  The longer wavelength components of the UV 

radiation source penetrated further down and exposed the bottom part of an SU8 film.  For 

this reason, a UV filter was used to cut out the light below 365nm of wavelength during 

exposure. 

4.6.3.4 Post bake and development 

After exposure the wafer was baked at 65oC on the hot plate.  The SU8 layer was developed 

in the EC (Microchem Inc) solvent to remove the unexposed SU8 during the 

photolithographic exposure.  Mild agitation provided by a magnetic stirrer was used to 

reduce the development time and improve the quality of the resultant SU8 structures as 

described in Section 4.2.6.  The details of the post bake process are shown in Table 4.4 and 

Table 4.5. 

 

 

 

SU8 

Substrate 

a 

θ ∆h 
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Table 4.4 Processing steps and parameters for fabrication of AZ 9260 films for copper 
patterning and SU8 polymer rim for the micromachined aperture coupled antenna devices 

 AZ 9260 
SU8-100 

(a) 

 
 
 

Spin Coating 

Initial spin: 70 rpm, 30 r/s, 20 
sec 

Initial spin: 70 rpm, 30 r/s, 
20 sec 

Spread: 1000 rpm, 200 r/s, 20 
sec 

Spread: 1000 rpm, 200 r/s, 5 
sec 

Smoothing: 2500 rpm, 400 
r/s, 20 sec 

Smoothing: 650 rpm, 2000 
r/s, 45 sec 

Delay 5 minutes 5 minutes 

Soft bake  10 minutes at 80oC 
65oC for 5 minutes and 95oC 

for 5 hr and 45 min 

Delay 45 minutes 1 hour 

Exposure dose 500 mJ/cm2 2800 mJ/cm2 

Post bake  - 65oC for 2.5 minutes  

Development 2.5 minutes ~ 15 minutes in stirring bath 

Film thickness ~ 10 µm ~ 750 µm 

Copper etching time 1 minute - 

 

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

 SU8-100 
(b) 

SU8-100 
(c) 

SU8-100 
(d) 

SU8-100 
(e) 

 
 
 

Spin Coating 

Initial spin: 70 rpm, 
30 r/s, 20 sec 

Initial spin: 70 rpm, 
30 r/s, 20 sec 

Initial spin: 70 
rpm, 30 r/s, 40 sec 

Initial spin: 70 
rpm, 30 r/s, 20 

sec 
Spread: 500 rpm, 

100 r/s, 5 sec 
Spread: 500 rpm, 100 

r/s, 5 sec 
Spread: 500 rpm, 

100 r/s, 5 sec 
Spread: 500 rpm, 

100 r/s, 5 sec 

Smoothing: 500 
rpm, 100 r/s, 50 sec 

Smoothing: 465 rpm, 
100 r/s, 50 sec 

Smoothing: 715 
rpm, 100 r/s, 60 

sec 

Smoothing: 450 
rpm, 100 r/s, 50 

sec 

Delay 5 minutes 5 minutes 5 minutes 5 minutes 

Soft bake  
65oC for 5 minutes 
and 95oC for 6 hr 
and 15 minutes 

65oC for 5 minutes 
and 95oC for 6 hr 15 

minutes 

65oC for 5 
minutes and 95oC 
for 5 hr 45 min 

65oC for 5 
minutes and 

95oC for 6 hr 45 
minutes 

Delay 1 hour 1 hour 1 hour 1 hour 

Exposure dose 3000 mJ/cm2 3200 mJ/cm2 2800 mJ/cm2 3300 mJ/cm2 

Post bake  65oC for 3.5 
minutes 

65oC for 4 minutes - 
65oC for 2.5 

minutes - 
65oC for 5 
minutes - 

Development ~ 30 minutes in 
stirring bath 

~ 30 minutes in 
stirring bath 

~ 30 minutes in 
stirring bath 

~ 30 minutes in 
stirring bath 

Film thickness ~ 1000 µm ~ 1150 µm ~ 680 µm ~ 1200 µm 
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4.6.3.5 Optimisation of parameters for SU8 photoresist 

Soft-baking time, exposure dose, post exposure bake and the development time are the 

major contributors to the internal film stress of 50%, 30%, 15% and 5% respectively [138].  

Solvent removal in the soft baking process in general lead to volume shrinking and 

mechanical stress within the photoresist films. 

 

Figure 4.15 Illustration of SU8 layer peel off from the substrate due to excessive stresses 
during prebake. 

The accumulated stress increased with increasing film thickness and dimensions and when 

the stress reached a critical point, and then the resist layer would peel off from the substrate 

wafer and in some cases complete delamination could occur due to weaker adhesion.  There 

is a trade off between the soft bake time and the quality of the features for the SU8 

photoresist.  In general, the soft-baking time determined the final solvent content of the 

resist.  Short soft-baking interval would leave a soft photoresist layer with some residual 

solvents that is less prone to internal stress for the remaining processing steps.  On the other 

hand, high residual solvent during soft bake produced extra air bubbles during post-

exposure baking resulting in the collapse of SU8 features after development due to lower 

mechanical stability at the bottom of the film as a result of the soft photoresist at the bottom 

[139].  If the photoresist was over baked and hard, cross-linking in the irradiated/exposed 

areas would be hindered.  As a result, an optimum soft-baking time was to be optimized for 

each particular photoresist / thickness and application.  Figure 4.15 illustrates the SU8 layer 

peel off from the substrate due to excessive stresses during prebake. 
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Figure 4.16 Illustration of the excessive development in the SU8 photoresist film  

 

Figure 4.17 Photograph of a excessively developed SU8 polymer side wall 

In the case of spin coated SU8 photoresist layers of up to 2 mm of thickness, the solvent 

content varied from 10.4% at the top to 5.4% at the bottom of the photoresist film [130].  

The solvent evaporated quickly at the beginning of the soft baking because of the very high 

solvent concentration and less at the bottom resulting in delamination of the developed 

structures.  If the wafer was baked at slightly higher temperature or for higher time 

intervals, then the solvents in the photoresist would evaporate completely making it 

unusable.  On the other side if it was baked at lower temperatures or for shorter intervals of 

Photoresist Photoresist 

Photoresist Photoresist 

Dissolved corners due to over-developing 

Side Walls 
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time, then the photoresist would not be hard enough to be applicable for exposure.  Finally, 

optimum development time was crucial for obtaining better side walls and SU8 films 

without over development that would result in peel off and reduced bond strength with the 

substrate. Figure 4.16 and Figure 4.17 illustrate the excessive development process in the 

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

4.7 ANTENNA ASSEMBLY 

The packaging method employed to assemble the micromachined aperture coupled antenna 

devices is illustrated in Section 4.4.  The micromachined aperture coupled antenna devices 

utilised the free-standing patch elements to achieve high efficiency and improved 

bandwidth.  Figure 4.18 shows optical images of microstrip fed micromachined aperture 

coupled antenna device using the assembly process outlined in Section 4.4. 

 

  

                                            (a)                                                         (b) 

Figure 4.18 (a) Photograph of the fabricated microstrip fed micromachined aperture 
coupled antenna device after assembly.  (b) Photo graph of the back side of the fabricated 

antenna  
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                                      (a)                                                           (b) 
 

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

 

 

 

 

Figure 4.20 (a) Photograph of a fabricated CPW line and aperture on the PTFE substrate, 
(b) Optical picture of a patch and a SU8 polymer rim on a LCP substrate and (c) Optical 

picture of an assembled device after stacking three patch layers on the PTFE base substrate  

The most critical parameters determining the quality of the bonding were the thickness 

uniformity of the SU8 rims, the amount of SU8-100 solution applied to the surface of the 

 
(a) 

 
               (b) 

 
(c) 
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SU8 rims and the bonding pressure and temperature.  SU8 rims with good surface 

uniformity could be obtained using an optimized fabrication process.  The amount of SU8-

100 liquid for bonding was determined by minimizing void formation and at the same time 

reducing the overflow of the material during bonding.  A good bonding temperature was 

65oC which was just above the glass transition temperature (64oC) of the SU8 material but 

not high enough to cause significant overflow as the viscosity changed rapidly around the 

glass temperature [140].  Figure 4.19 shows optical images of microstrip fed 

micromachined aperture coupled stacked antenna device with three stacked patch elements. 

  

                                               (a)                                                      (b) 

 

(c) 

Figure 4.21 (a) Photograph of the microstrip fed micromachined aperture coupled stacked 
quad antenna after assembly. (b) Photograph of the lower patch element on LCP film and 

(c) Photograph of the upper quad array patch element on LCP film  

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

elements.  Figure 4.20 (a) shows the CPW line and the coupling aperture fabricated on 
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PTFE substrate prior to the assembly of the patches.  Figure 4.20 (b) shows a picture of the 

bottom patch and a SU8 polymer rim on a LCP substrate.  The opening of 15 mm in length 

in the SU8 rim was used to facilitate the attachment of an SMA connector to the ground 

and the CPW line on the base substrate for RF characterization.  Figure 4.20 (c) shows the 

assembled device after stacking three patch layers on the PTFE base substrate.  The metal 

patch elements were fabricated on the lower surface of the LCP substrate for better 

protection.  Figure 4.21 shows optical images of microstrip fed micromachined aperture 

coupled stacked quad antenna device. 

4.8 SUMMARY 

Micro-fabrication and micro-assembly methods have been developed to fabricate high 

performance MEMS based antenna devices.  The antenna structures were fabricated in 

layers and assembled using micromachined polymer spacers.  Low cost materials like SU8, 

polyimide film, LCP substrate were employed for the fabrication of the micromachined 

aperture coupled antenna devices.  The feeding and aperture features were fabricated on the 

microwave substrates while the radiating patch elements fabricated on the polyimide and 

LCP substrates.  A UV lithography technique was developed with a positive photoresist 

(AZ 9260) for obtaining better conductor patterns with electrodeposition and etching 

techniques.  Polymer rims were used to obtain air cavities between the patch and the 

substrate for high gain operation.  The thermal stress due to the CTE (coefficient of thermal 

expansion) mismatch between the SU8 polymer rims and the substrate materials was 

minimised in the fabrication process using optimised prebake and post bake parameters in 

order to eliminate the delamination of the SU8 structures from the substrates.  The 

fabricated substrate layers were assembled using a low temperature polymer bonding 

process to form high performance antenna devices.  Precision alignment marks on the 

polyimide films (transparent) and the base substrate were used to facilitate the accurate 

alignment of the layers.  After antenna assembly, SMA connectors were attached to the 

conductor lines in the microwave substrates to obtain antenna devices for RF 

characterization.  The use of low cost polymer for cavity construction had a significant 

advantage over the micromachined silicon in producing millimetre scale air gaps for high 

gain operation.   
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CHAPTER 5 MICROWAVE MEASUREMENTS AND 
CHARACTERISATION  

After the fabrication and assembly of the micromachined antenna devices, microwave 

characterisation of the devices is carried out using a network analyser for reflection and 

radiation measurements.  Transmission measurements were conducted to determine the 

antenna gain and radiation pattern for the antenna devices.  Radiation measurements that 

include antenna gain and radiation pattern were carried out in an anechoic chamber using 

the far field method.  The reflection coefficient, impedance and the radiation characteristics 

are presented followed by discussion and comparison of the devices. 

5.1 THE EXPERIMENTAL METHOD 

5.1.1 Reference plane and calibration method 

5.1.1.1 Reference plane 

The reflection and transmission characteristics of the antenna devices were measured using 

a HP 8510B network analyser for obtaining various antenna parameters.  The network 

analyser is described in Appendix A3.  For microwave measurements, the travelling waves 

or the voltage ratios are a function of position on the transmission lines.  Any change in the 

cross-section of the transmission line will give rise to a reflection and the generation of 

evanescent modes.  It is therefore necessary to be able to specify a reference plane which is 

appropriately at a sufficient length of uniform transmission line.  

5.1.1.2 TRL calibration 

The accuracy of a microwave measurement system is greatly influenced by the components 

of the measurement setup, such as coaxial cables, SMA connectors and coplanar probes.  

Calibration is an error correction procedure to remove the parasitic effects of the 

components of the measurement setup.  The frequency range of the microwave 

measurement was set appropriately with sufficient bands outside the simulation results.  A 

TRL calibration is employed for both one port and two port calibrations by following the 

instructions displayed on the screen of the network analyser.  One port calibration is 

sufficient for the S11 measurements but two port calibration is necessary for radiation 

measurements [141].  A total of ten measurements are made to quantify eight unknowns in 

three steps for the two port calibration.  The “thru” step consists of the test ports connected 
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together directly (zero length thru) or with a short length of transmission line (non zero 

length thru) and the transmission frequency response and port match are measured in both 

directions by measuring all four S-parameters.  The “reflect” step consists of open and/or 

short circuits connected to each test port and measured (S11 and S12).  The line step consists 

of a short transmission line (different in length from thru) inserted between port 1 and port 

2 and the frequency response and port match are measured in both directions by measuring 

all four S parameters.  After the above steps, the calibration is completed and the network 

analyser computes the errors associated with the connectors, cables and the probes 

according to the measured characteristics of the three standards.  In the subsequent 

measurements, these errors will be automatically removed from the measurement results. 

5.1.1.3 The SMA connector 

The interface dimensions for SMA connectors are listed in MIL-STD 384A.  The SMA 

connector is widely used in many applications for its cost-effective feature; however it is 

not suitable for precision metrology.  It is a semi-precision connector that has limitations 

with the solid plastic dielectric and potential damage to the plug pin.  The SMA connector 

is widely used for characterizing the microwave devices but not suitable for repeated 

connections [141].  Destructive interference may result if the contacts protrude beyond the 

outer conductor mating planes and so care should be taken while connecting the SMA 

connectors.  

5.2 ANTENNA RADIATION MEASUREMENTS 

Antenna measurements and testing methods have been evolving for many years.  Antenna 

anechoic chambers have been developed for the purpose of measuring the radiation patterns 

of antennas independent of their operational environment.   

5.2.1 Anechoic chambers 

There are two basic types of anechoic chambers, the rectangular and the tapered designs.  A 

rectangular anechoic chamber is usually designed to simulate free-space conditions.  In 

order to reduce the reflected energy level, high-quality absorbing material is used on 

surfaces which would otherwise reflect energy directly towards the test region as shown in 

Figure 5.1.  The actual width and height required depend on the magnitude of the errors 

(due to reflections) that can be tolerated and the characteristics of the absorbing material 
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used to line the walls.  Additionally the room width and the size of the source antenna 

should be chosen such that no part of the main lobe of the source antenna is incident upon 

the sidewalls, ceiling, and floor.   

 

Figure 5.1 A typical rectangular anechoic chamber [141] 

5.2.2 Far field measurements 

The far field approach is the simplest method for electrically small antennas since it does 

require a large separator between the transmitting and receiving antennas.  The dimensions 

of the micromachined antenna devices are relatively small; the separation distance for the 

far field measurements can be set between 1 to 2 metres.  Patterns are obtained in 2D at a 

time and there is no need to measure the phase.  On the other hand, the far field pattern and 

other data such as gain and directivity are obtained readily without much computer 

processing.  The limitations of this method are that it has a limited angular coverage (with 

accuracy) and the method is subject to environmental conditions such as temperature and 

humidity.  The three most widely used techniques in the far field test method are  

 

� Elevated range 

� Ground reflection range 

� Compact range 
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The compact range measurement technique was used for the radiation measurement of the 

micromachined antenna devices.  A three antenna gain measurement method was used for 

the microstrip fed micromachined aperture coupled antenna device in order to validate the 

gain of the standard gain horn antennas used and to measure the gain of the antenna device 

in E and H plane.  The gain transfer method was used to measure the antenna gain at bore 

sight for the rest of the micromachined antenna devices.  Radiation pattern measurements in 

the E and H plane are performed by measuring the S21 parameters between the 20 dBi 

FlannTM standard gain antenna and the AUT with the setup shown in Figure 5.2. 

5.2.2.1 Three antenna gain measurement method  

The far field measurement for antenna characterisation is based on the Friis transmission 

formula, which states that for a two-antenna system as shown in Figure 5.2, the power 

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

2
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                                                            (5.1) 

where Pr is the power received, P0 is the input power of the transmitting antenna, GA is the 

power gain of the transmitting antenna, and GB is the power gain of the receiving antenna 

[144].  λ  is the wavelength at which the gain is measured and R is the distance between the 

transmitting and receiving antennas.  This form of the transmission formula implicitly 

assumes that the antennas are polarization matched for their prescribed orientations and that 

the separation between the antennas is such that the far-field conditions are met.  The Friis 

transmission formula can be written in logarithmic form, from which the sum of the gains, 

in decibels, of the two antennas can be written as 
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In order to determine the power gain of the antennas, the parameters R and and 10 log 

P0/Pr, are measured first and then (GA)dB is computed.  This method is referred to as the 

two-antenna method because of the use of two identical antennas.  However if antennas A 

and B are not identical type, it requires a third antenna to determine the gain.  Antenna 

types vary with the physical structure and electromagnetic design that include monopole, 

dipole, reflector, horn, yagi, slot and patch antennas [142, 143].  In the case where three 

antennas are used, three sets of measurements are performed using all combinations of 

three antennas [145, 146].  The result is a set of three simultaneous equations as follows.  
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Figure 5.2 Schematic showing the far field set up 

From these equations the gains of all of the three antennas can be determined.  The 

instrumentation layout shown in Figure 5.2 can be used for the measurement of gain using 

the two-antenna or three-antenna methods. Calibration adjustments are made to the 

coupling network between the source and the transmitting antenna, so that the power 

measured at the transmit test point and the power fed into antenna A can be accurately 

related.  The two antennas are arranged in a bore-sighted configuration so that they are 

properly aligned and oriented.  For the three antenna method, a FlannTM standard gain 

antenna of 20 dBi gain was used as the gain standard.  Another standard gain antenna 

Port 1 Port 2 

VNA 

20dBi gain horn antenna 

AUT Fixture 

RF cable 

Rotating 
table 
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(Microwave Instruments Limited) of gain of 15 dBi was used as another standard gain 

antenna.  A full two port calibration was carried out to shift the calibration reference plane 

to the ends of the connectors that fed the AUT (antenna under test) and the standard gain 

horns.  The S21 readings for the configurations AB, AC and BC were taken from 0o to 180o 

in steps of 5o for the E and H planes.  The data was transferred to an excel sheet where the 

absolute S21 values are substituted for the Po and Pr 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 test antenna and that of a standard gain 

antenna is performed in order to measure the unknown power gain.  Ideally the test antenna 

is illuminated by a plane wave which is polarization matched to the plane wave, and the 

received power is measured into a matched load.  The micromachined aperture coupled 

antennas and the standard gain antennas are linearly polarised.  Polarization match for the 

H plane measurements is achieved by matching the vertical polarisation (electrical field 

varying in vertical direction with respect to ground) of the micromachined antenna device 

with the vertical polarisation for the horn antenna (probe feed direction).  A horizontal 

polarisation is matched for the E plane measurements.  The test antenna is replaced by a 

gain standard, leaving all other conditions the same.  The received power into its matched 

load is again measured.  From the Friis transmission formula it can be shown that the power 

gain (GT) dB of the test antenna, in decibels, is given by 
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where (GS)dB is the power gain of the gain-standard antenna, PT is the power received with 

the test antenna, and PS is the power received with the gain-standard antenna.  One method 

of achieving this exchange between test and gain-standard antennas is to mount the two 

antennas back to back on either side of the axis of an azimuth positioner.  With this 

configuration the antennas can be switched by a 180° rotation of the positioner.  

Measurements are taken to position the antennas so that they will be in the same location 

when switched.  In order to reduce the reflections in gain standard’s vicinity, usually 

absorbing material is required immediately behind the gain standard which might perturb 

the illuminating field.  The reflection coefficients of all the components shall be measured 

as a function of frequency so that corrections can be made to the measured power gain.  
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The ideal conditions required for power-gain measurements can be summarised as follows 

[145]: 

(1) Antenna range:  Free-space conditions, uniform plane-wave field at the receiving 

antenna. 

(2) Antennas: Impedance matched, aligned and properly bore sighted, in addition the 

antennas should be suitably polarization matched.  

(3) Equipment operation: Components, ideal and impedance matched, single sinusoidal 

frequency, single waveguide mode, stable generator and receiver, adequate sensitivity and 

dynamic range 

 

A flann standard gain antenna of 20 dBi gain was used as gain standard in the receiving 

mode.  Another standard gain antenna (Microwave Instruments Limited) of 15 dBi of gain 

is used as the transmitting antenna.  The second standard gain antenna is used instead of a 

standard dipole antenna in the transmitting mode due to the inherent low gain of a standard 

dipole.  A low gain dipole will give lower S21values and reduced sensitivity.  Figure 5.3 

shows the far field measurement system in the anechoic chamber to measure the antenna 

radiation pattern and gain.  The standard gain antenna and the AUT are mounted on a 

rotating stage.  The rotating stage is a 360 degree rotating column with precise relative 

angle output on a marker screen.  The reference antenna was mounted on a stationary and 

stable flat form facing the AUT or the gain standard.  A two-port calibration was used to 

shift the reference plane at the ends of the connectors that feed the AUT and the standard 

gain horns.  An on/off switch is located on the controlling column to take the readings 

manually for a shift in angle of 1 degree or more.  A 25 dB RF power amplifier along with 

an isolator was used to amplify the signal from the network analyser.  It is anticipated that 

an absolute power level value of the amplifier is not necessary as the antenna measurements 

for the gain and radiation pattern involves the relative transmission values. The gain of the 

amplifier is taken from the manufacturer’s data sheet but not calibrated.  The AUT and the 

reference antenna were placed with a separation distance of about 1 metre.  The 

transmission coefficient S12 was recorded for every five degree of angle shift and 

subsequently converted into the absolute values.  The E plane and the H plane for the 

antenna are defined in terms of the orientation of the AUT with respect to reference antenna 

as shown in Figure 3.12(a).  The data is transferred to an excel sheet where in the absolute 
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S21 values are substituted for the PT and PS  in Equation (5.6) for finding the gain of the 

AUT.  To obtain the normalised radiation pattern the S21 values obtained from the standard 

gain antenna and the AUT with respect to the reference antenna device are normalised.  

 

Figure 5.3 Photograph of the far field measurement system in the anechoic chamber to 
measure the antenna radiation pattern and gain  

5.3 RESULTS 

The radiation patterns which were measured using the methods described in section 5.3 are 

plotted as polar plots and compared with the simulation results presented in Chapter 3.  The 

three-antenna method was used to measure the absolute gain of the single patch 

micromachined antenna device while the gain comparison technique 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 reflection characteristics (S11) of the 

microstrip fed micromachined aperture coupled patch antenna device.  The measured 

results are plotted as a function of frequency from 10 to 15.5 GHz.  It can be seen from the 

Motion Controller 
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plot that the return loss is lower than 10 dB from around 12 GHz to 14.3 GHz for the 

simulation and from 12.1 GHz to 14.7 GHz for the measurements.  The -10 dB bandwidth 

of the device is determined to be 19% from the measured results.  The corresponding 

simulated bandwidth of the antenna is 2.3 GHz or 17%.  The wide bandwidth of this single 

patch micromachined antenna device is due to the resonance effects of the TM10 resonance 

of the radiating patch and the parasitic resonance of the aperture in the ground plane of the 

antenna device.   

 

The device exhibits a wide bandwidth as a result of the coupling between the patch and the 

aperture resonances.  The difference in the measurements to the simulation can be primarily 

due to the SU8 material dielectric constant as outlined in Section 3.5.  In order to 

demonstrate this, the antenna device is simulated for various dielectric constant values and 

it can be seen from the reflection coefficient curve obtained as shown in Figure 3.22 that 

the measurement curve follows more closely to the simulation curve.  The shift in the 

measurement curve from the simulated curve can also be due to the tolerances (fabrication 

errors) in polymer rim thickness as presented in Section 3.5.5 and due to smaller 

contributions (usually <1 dB) [141] from measurement uncertainties, numerical in 

accuracies in simulation, measurement and inaccuracies due to the SMA connector as the 

SMA connector is not calibrated until the connecting pin.  The bandwidth for the single 

patch micromachined antenna device is due to the multiple resonance effects that include 

the TM10 resonance of the top radiating patch and the resonance of the aperture in the 

ground plane of the antenna device.   
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Figure 5.4 Simulation and measurement results of the return loss for the microstrip fed 
micromachined aperture coupled patch antenna device 

 

  (a) 

 

    (b) 

Figure 5.5 Simulated and measured E-plane (a) and H-plane (b) radiation patterns for 
microstrip fed micromachined aperture coupled patch antenna device at 12.1 GHz  
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Figure 5.5 shows the gain-factor results for the microstrip fed micromachined aperture 

coupled patch antenna device.  The gain of the antenna device at broadside is about 8.3 dBi 

at 12.1 GHz.  The E-plane patterns show that there are significant side lobes and it can be 

seen from Chapter 3.3 that the predicted radiation efficiency for the device is 98% based on 

the simulation results using HFSS.  The measured H plane radiation pattern is symmetric 

while the E plane is almost symmetric except at the angles near 0o and 180o respectively.  

This can be attributed to the radiation from the microstrip line and the aperture in the 

ground plane.  The beam width and the radiation patterns agree well with the simulation 

results.  It can be seen that the gain of the device has been improved over the conventional 

microstrip patch antenna as presented in Section 2.2.  The gain of the conventional patch 

antenna with a dielectric constant of 10.2 and at same resonant frequency was about 4.7dBi 

while the gain of the microstrip fed micromachined antenna device was 8.6 dBi.  From 

Table 2.1, it can be seen that the decrease in gain is primarily due to decrease in radiation 

efficiency and directivity for a higher permittivity substrate.  Thus from Table 2.1 and from 

Sections 2.2.4 and 2.2.5, by having a low dielectric constant primarily air or an air cavity 

between the patch and the substrate (by using a polymer rim) an improvement in the 

antenna gain and bandwidth can be achieved.   

5.3.2 Microstrip fed micromachined aperture coupled stacked antenna device  

 

Figure 5.6 Simulation and measurement results of the reflection coefficient for the 
microstrip fed micromachined aperture coupled stacked antenna device 
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Figure 5.6 shows the measured and simulated results of the reflection characteristic (S11) of 

the microstrip fed micromachined aperture coupled stacked antenna device.  The return loss 

parameters are plotted as a function of frequency from 7 to 12.5 GHz.  It can be seen from 

the plot that the return loss is lower than 10 dB from around 7.785 GHz to 11.525 GHz for 

the simulation and from around 7.675 GHz to 11.375 GHz for the measured results.  The 

corresponding bandwidth of the antenna is 3.74 GHz or ~ 40% for the simulation and 3.7 

GHz or ~ 39% for the measurements.  The increase in bandwidth for this stacked 

micromachined patch antenna device is due to the micromachined polymer rim, multiple 

resonance effects that include the TM10 resonances due to both magnetic and electric 

coupling (outlined in Section 3.3.1) between the top radiating patch and the aperture in the 

ground plane of the antenna device.  In order to demonstrate this, the antenna device is 

simulated with the lower patch removed and keeping the rest of the dimensions and 

materials constant.  The reflection coefficient curve due to  this is shown in Figure 5.7. It 

can be seen from the curve that the -10 dB bandwidth does not vary much (<2%) by 

removing the lower patch while the impedance matching is degraded.  Thus, the wide 

bandwidth is only due to the coupling mechanism between the aperture and the top 

radiating patch that includes both magnetic and electric coupling. 

 

Figure 5.7 Simulation results of the reflection coefficient for the microstrip fed 
micromachined aperture coupled stacked antenna device with the lower patch removed. 
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(a) 

 
(b) 

Figure 5.8 Simulated and measured E-plane (a) and H-plane (b) radiation patterns for the 
microstrip fed micromachined aperture coupled stacked antenna device at 9.5 GHz 

It can be seen from Figure 5.6 that the measured results agree well with that of the 

simulation in terms of the -10 dB bandwidth apart from the disagreement with respect to 

the frequency shift of antenna resonances after -10 dB in reflection coefficient.  The 

difference in the measurements to the simulation can be primarily due to the SU8 material 

dielectric constant and due to fabrication tolerances in the heights of the polymer rim as 

outlined in Section 3.5.  As the stacked micromachined patch configuration is relatively 

complex in construction when compared to the simple micromachined aperture coupled 

antenna configuration it is hard to quantitatively determine the contribution of each effect 

although the effects of the polymer rim characteristics and its dimensions can be 

understood from the computer simulations for a simple antenna configuration as presented 

in Section 3.3.  The shift in the measurement curve from the simulated curve can also be 

due to smaller contributions (usually <1 dB) [141] from measurement uncertainties, 
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numerical in accuracies in simulation, measurement and inaccuracies due to the SMA 

connector as the SMA connector is not calibrated until the connecting pin.  Figure 5.8 

shows the normalized antenna radiation pattern results for the microstrip fed 

micromachined aperture coupled stacked antenna device.  The gain of the antenna is about 

7.8 dBi at ~ 10.5 GHz.  The E-plane patterns show that there are small side lobes.  The 

measured E and H plane radiation patterns are symmetric.  The small side lobe between 

1600 and 1800 can be attributed to the microstrip line and the aperture in the ground plane.  

The beam widths and the co-polarised radiation patterns agree well with the simulation 

patterns.  The back radiation associated with the antenna device is reduced by introducing 

an air cavity underneath the bottom patch substrate while 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 results of the reflection characteristic (S11) 

for the CPW fed micromachined aperture coupled stacked antenna device.  The return loss 

parameters are plotted as a function of frequency from 5.5 to 11 GHz.  It can be seen from 

the plot that the return loss is lower than -10 dB from around 6.73 GHz to 10.02 GHz for 

the simulation and from around 6.425 GHz to 10.05 GHz for the measured results.  The 

corresponding bandwidth of the antenna is 3.29 GHz or ~ 39.2% for the simulation and 3.6 

GHz or ~ 44% for the measurements.  The difference in the measurements to simulated 

results can be attributed primarily to the manufacturing tolerance in the height of the 

polymer rims, material characteristics of the polymer rims and partly due to the SMA 

discontinuities.  This is because the calibration is performed until the end of the coaxial 

cables but not to the end of the probe of the SMA connector.  The device exhibits a wide 

bandwidth as a result of coupling between the top two patches and the aperture resonances, 

while the lower patch improves the reflection coefficient for the antenna device.  For this 

device, the top two patches appear to be strongly coupled.  In order to demonstrate this, the 

antenna device is simulated with the lower patch and the middle patch elements removed 

and the reflection coefficient curves due to this is shown in Figure 5.10.  It can be seen 

from the curves that the -10 dB bandwidth does not vary much with the lower patch 

removed while it varies substantially with the middle patch element removed.   
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Figure 5.9 Simulation and measurement results of the reflection coefficient for the CPW fed 
micromachined aperture coupled stacked antenna device 

Figure 5.11 shows the normalized antenna radiation results for the CPW fed 

micromachined aperture coupled stacked antenna device.  The gain of the antenna is about 

7.6 dBi at ~ 10 GHz.  The E and H plane radiation patterns show that the side lobes are 

reduced significantly when compared to the microstrip fed antenna device and it can be 

seen from the simulation results in Section 3.5 that this antenna device has much less back 

radiation as a result of the CPW feed configuration and thus forming a so called substrate 

independent antenna configuration [84].  The thin film LCP substrate has negligible effect 

on the performance of the device as shown in the results.  The measured H plane radiation 

pattern is symmetric while the E plane is almost symmetric except for the occurrence of 

nulls at 1800 respectively.  This can be attributed to the radiation from the CPW line 

configuration and the non presence of CPW Line at 1800 and the aperture in the ground 

plane.  The beam widths and the co-polarised radiation patterns agree well with the 

simulation patterns. 
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Figure 5.10 Simulation results of the reflection coefficient for the CPW fed micromachined 
aperture coupled stacked antenna device with the lower and middle patch elements removed 

 
(a) 

       
(b) 

 

Figure 5.11 Simulated and measured E-plane (a) and H-plane (b) radiation patterns for 
CPW fed micromachined aperture coupled stacked antenna device at 10 GHz 
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From Table 2.1, it can be seen that by increasing the height of air cavity, the patch antenna 

directivity and gain decreases minimally.  Thus, the lower gain of the antenna device can be 

attributed to the height of the polymer rims and is slightly higher than the microstrip feed 

stacked antenna configuration.  The results obtained from the microstrip fed and CPW fed 

micromachined antenna devices are comparable to that of the foam based antenna devices 

[25]. 

 

 
(a) 

 
(b) 
 

Figure 5.12 Frequency dependent peak gain for (a) microstrip fed and (b) CPW fed stacked 
patch antenna with respect to frequency 
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Figure 5.12 shows the results of gain variation as a function of frequency over the operation 

bandwidth for each of the microstrip and CPW fed stacked aperture coupled 

micromachined antenna devices.  The measured results agree well with that of simulation.  

The gain varies from 5dBi at ~ 7 GHz to around 7. 8 dBi at ~ 10.5 GHz for the microstrip 

fed device.  For the CPW fed device the gain varies from 5dBi at ~ 7 GHz to around 7.6 

dBi at ~ 10 GHz.  Thus high gain has been realised over a wide bandwidth for the devices.   

5.3.4 Microstrip fed micromachined aperture coupled subarray antenna device 

Figure 5.13 shows the measured and simulated results of the reflection characteristic (S11) 

of the microstrip fed micromachined aperture coupled subarray antenna device.  The return 

loss parameters are plotted as a function of frequency from 9.2 to 16.6 GHz.  It can be seen 

from the plot that the return loss is lower than 10 dB from around 9.72 GHz to 16.3 GHz 

for the simulation and from around 9.6 GHz to 15.81 GHz for the measured results.  The 

corresponding bandwidth of the antenna is 6.58 GHz or ~ 50.5% for the simulation and 

6.21 GHz or ~ 48.8% for the measurements.  A wide bandwidth was obtained as a result of 

coupling between the patch, the aperture resonances and the quad array. 

 

 

 

Figure 5.13 Simulation and measurement results of the reflection coefficient for the 
microstrip fed micromachined aperture coupled subarray antenna device 

S 1
1(

dB
) 



 155 

Figure 5.14 shows the normalized antenna radiation pattern results for the microstrip fed 

micromachined aperture coupled subarray antenna device.  The measured peak gain of the 

antenna was observed to be 10 dBi.  The predicted maximum gain of this device is ~ 11.5 

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

of the device as shown in the results.  The beam widths and the co-polarised radiation 

patterns agree well with the simulation patterns. 

 

(a) 
 

 
(b) 

Figure 5.14 Simulated and measured E-plane (a) and H-plane (b) radiation patterns for the 
microstrip fed micromachined aperture coupled subarray antenna device at 12 GHz 

5.4 SUMMARY 

The measurement of reflection coefficient, radiation pattern and radiation gain have been 

realized for the micromachined antenna devices by appropriate RF measurement 

techniques.  Two different radiation measurement techniques have been employed that 

includes the three antenna method and gain comparison methods.  Good agreement 

between the experimental results and theoretical results was obtained.  From the 

measurement results, it is concluded that the lossy effect of the SU8 polymer, the polyimide 
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and LCP supporting substrates is minimal due to the low dielectric loss tangents and this 

has been verified by simulations with Ansoft HFSS as the electrical properties of these 

materials are also included in the simulations as presented in Chapter 3.  Thus these 

materials could be employed extensively for producing stacked antenna device with 

increased accuracy of aligning the stacked layers.   

Table 5.1 Comparison of the measured antenna parameters for the micromachined antenna 
devices and the simulated conventional patch antenna device 

Micromachined antenna device Bandwidth  
(GHz) 

Bandwidth 
(%) 

Gain (dBi) 

Microstrip fed micromachined aperture 
coupled patch antenna device (Figure 3.8)  

2.5 19 8.3 

Microstrip fed micromachined aperture 
coupled stacked antenna device (Figure 
3.26) 

3.7 39 7.8 

CPW fed micromachined aperture coupled 
stacked antenna device (Figure 3.32) 

3.6 44 7.6 

Microstrip fed micromachined aperture 
coupled subarray antenna device (Figure 
3.40) 

6.21 48.8 10 

Calculated and simulated conventional 
patch antenna with width/length ratio of the 
patch equal to that of the microstrip fed 
micromachined aperture coupled patch 
antenna device and with air as a dielectric 
and thickness = 1.5 mm (calculated values 
shown in Table 2.1) (Figure 2.3) 

Calculated 

1.116 8.59 9.75 

HFSS simulation 

0.991 7.63 9.29 

Simulated conventional patch antenna with 
width/length ratio of the patch equal to that 
of the microstrip fed micromachined 
aperture coupled patch antenna device and 

rε =10.2 (Rogers RO3010TM) and thickness 
= 1.5 mm as shown in Table 2.1) (Figure 
2.3) 

Calculated 

0.198 1.53 4.7 

HFSS simulation 

0.175 1.35 4.4 

 

The deviation of the measured results from the simulations can be due to the uncertainties 

in the measurement of S21 (power), reflections, the dimensions (separating distances of the 

antenna devices), the non-similarity of the antenna types and the SMA connector reliability.  

Errors in the measured radiation pattern or antenna gain can also be expected owing to the 

RF cable acting as a secondary radiator driven by the surface currents on the conducting 

surface of the AUT (usually <1 dB) [141].  The shape of the main lobe of the radiation 
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pattern can be measured accurately while the minima and the back lobe radiation suffered 

from the dynamic range achieved as the directivity of the small antennas are relatively 

small (less than 9 dBi).  Table 5.1 compares the measured antenna parameters for the 

micromachined antenna devices.  A simulated bandwidth of 2.3 GHz (17%) is obtained for 

microstrip fed micromachined aperture coupled patch antenna device while the measured 

bandwidth is 2.5 GHz (19%) is obtained.  The peak measured antenna gain is 8.3 dBi.  A 

simulated bandwidth of 3.74 GHz (40%) is obtained for the microstrip fed micromachined 

aperture coupled stacked antenna device while the measured bandwidth is 3.7 GHz (39%) 

is obtained.  The bandwidth thus almost doubled with respect to the simple microstrip fed 

aperture coupled antenna device.  The peak antenna gain is 7.8 dBi.  For the CPW fed 

micromachined aperture coupled stacked antenna device, a simulated bandwidth of 3.29 

GHz (39%) is obtained while the measured value is 3.6 GHz (44%).  The simulated and 

measured bandwidth values for the microstrip fed micromachined aperture coupled 

subarray antenna device are 6.58 GHz (50%) and 6.21 GHz (48.8%) respectively.  A 

maximum peak gain of 10 dBi at 12 GHz has been measured for the micromachined 

aperture coupled quad array antenna device.  A peak-gain of 7.8 dBi was obtained at the 

frequency of 10.5 GHz for the microstrip fed stacked antenna device and 7.6 dBi at ~10 

GHz for the CPW fed device.  The calculated and simulated parameters of a conventional 

patch antenna device presented in Section 2.2 with two different relative dielectric 

constants air (rε =1) and Rogers RO3010TM ( rε =10.2) have also been presented in Table 

5.1 for comparison.  From Table 5.1, it can be seen that the bandwidth for the 

micromachined aperture coupled antenna devices have increased significantly when 

compared to the conventional patch antenna device with similar W/L ratio of the patch 

element.  The simulated antenna efficiencies for the micromachined has an average value of 

99.5% which is comparable (99.9%) obtained with that of an air filled conventional patch 

antenna device. 
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CHAPTER 6 CONCLUSIONS 

6.1 CONCLUSIONS 

The contribution of the thesis is primarily related to the micromachining approach that can 

be used to achieve a low dielectric constant low loss region under the patch element to 

increase in radiation efficiency and bandwidth.  A micromachining approach based on 

photolithography and metal deposition techniques for integrated CMOS-technology 

compatible solution has been developed where in the RF active devices on the CMOS chip 

can potentially be integrated on to the common substrate used to fabricate the passive 

devices like antennas and filters.  The design, fabrication, assembly and characterization of 

microstrip and CPW fed micromachined aperture coupled single and stacked patch antenna 

devices has been presented in the thesis.  A high gain planar antenna using a frequency 

selective surface (FSS) and operating at a frequency of 60 GHz has also been studied for 

high gain operation.  The simulation results for the FSS based antenna device show low 

reflection coefficient and good radiation characteristics 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 micromachined antenna devices was carried 

out using an electromagnetic field simulation software package (Ansoft HFSS).  The 

reflection coefficient (S11), radiation pattern, gain, directivity and efficiency for each of the 

antenna devices were studied in order to obtain optimised devices.  A polymer rim (SU8) 

was used to create a sealed air cavity between the substrate layers.  The slot (aperture) 

based feeding method along with the stacked patch elements improves bandwidth using the 

coupling effects of the aperture and the stacked patch elements.  It has been verified that a 

tolerance of SU8 polymer thickness of 100 µm is acceptable for variance in bandwidth and 

gain.  The effect of SU8 polymer rim dimensions on the S11 results and the radiation 

efficiency for the microstrip fed micromachined aperture coupled patch antenna device was 

studied and an optimum polymer rim dimensions identified.  Bandwidths of 2.3 GHz 

(17%), 3.74 GHz (40%), 29 GHz (39%), 6.58 GHz (50%) were obtained for microstrip fed, 

microstrip fed stacked, CPW fed, microstrip fed quad array micromachined aperture 

coupled patch antenna devices respectively from the modelling.  The corresponding gain 

values are 8.3 dBi, 7.8 dBi, 7.6 dBi, 11.2 dBi respectively.  The minimum backward radiation 
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for both E plane and H plane is around -8 dB, -12 dB, -17 dB, and -12 dB for the antenna 

devices respectively.  The radiation efficiency is in between 0.91 to close to 0.98 for all of 

the micromachined antenna devices.  In comparison, the best antenna radiation efficiency 

obtained for the micromachined antenna devices from the literature review presented in 

Chapter 2 are 64% for silicon micromachining, 97.4% for polymer micromachining (similar 

to the process used for the micromachined aperture coupled antenna devices), 73.3% for the 

synthesised substrates and 60% for the micromachined glass.  The effect of SU8 material 

properties and the SU8 polymer rim dimensions is studied for a simple microstrip fed 

micromachined aperture coupled antenna device by simulating the antenna devices with 

various material properties. The simulation results show that the antenna impedance 

(reflection coefficient) characteristics vary substantially with the polymer rim height and 

the dielectric constant of the SU8 material while other characteristics like antenna gain, 

efficiency, directivity and -10 dB bandwidth remains almost constant.  The tolerances in the 

fabrication of SU8 polymer rims of the order of 100µm are possible as presented in Section 

4.6.  Thus, in order to reduce this fabrication tolerances other methods such as direct 

casting technique should be explored [147]. 

 

Micro-fabrication and micro-assembly methods have been developed to fabricate the 

antenna devices.  The antenna structures are fabricated in layers and assembled using 

micromachined polymer spacers.  Low cost materials like SU8, polyimide film, LCP 

substrate are employed for the fabrication of the micromachined aperture coupled antenna 

devices.  The polymer based stacked assembly is used for air suspended radiating patches 

as well as for antenna module packaging.  The feeding and aperture features are fabricated 

on to the microwave substrates while the radiating patch elements are fabricated on to the 

polyimide and LCP substrates.  A UV lithography technique has been developed with a 

positive photoresist (AZ 9260) for obtaining better conductor patterns with 

electrodeposition and etching techniques.  UV lithography techniques (for SU8) followed 

by microassembly techniques have been employed for the micromachined cavities on the 

different kinds of substrates.  The fabricated substrate layers are assembled using a low 

temperature polymer bonding process to form high performance antenna devices.  After 

patch assembly, in order to obtain an antenna device for RF characterization, an SMA 

connector was attached to the microstrip and ground plane on the microwave substrate.   
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The measurement of reflection coefficient, radiation pattern and radiation gain have been 

realized for these micromachined antenna devices with appropriate RF measurement 

techniques.  The antenna bandwidth and gain factor of the micromachined antenna devices 

obtained from RF measurements.  Measured bandwidths of 2.5 GHz (19%), 3.7 GHz 

(39%), 3.6 GHz (44%), 6.21 GHz (48.8%) were obtained for microstrip fed, microstrip fed 

stacked, CPW fed, microstrip fed quad array micromachined aperture coupled patch 

antenna devices respectively.  Good agreement between the experimental results and 

theoretical results was obtained.  From the measurement results, it is concluded that the 

lossy effect of the SU8 polymer, the polyimide and LCP supporting substrates is minimal 

and hence these materials could be employed extensively for producing stacked antenna 

device with increased accuracy of aligning the stacked layers.  The peak measured antenna 

gain is 8.3 dBi at 12.1 GHz for the microstrip fed micromachined aperture coupled patch 

antenna device.  A peak-gain of 7.8 dBi was obtained at the frequency of 9.5 GHz for the 

microstrip fed stacked antenna device and 7.6 dBi at ~10 GHz for the CPW fed device.  A 

maximum peak gain of 10 dBi at 12 GHz has been measured for the micromachined 

aperture coupled quad array antenna device.  The measured bandwidth of the microstrip fed 

micromachined aperture coupled quad array antenna device was thus, almost a factor of 5 

larger than the figure of 10.5% obtained for the probe fed micromachined antenna device 

[84].  Comparison of the measured gain and bandwidth of the stacked micromachined 

antenna device and that of a conventional aperture coupled antenna devices for a 

comparable profile dimensions shows a significant enhancement in antenna gain 

performance particularly in the multi-GHz, and millimetre wave frequency region and an 

improvement in % bandwidth [32].  A similar kind of improvement is observed with other 

micromachined approaches [84]. 

 

The stacked antenna device configurations presented in this thesis have resulted in doubling 

the antenna bandwidth while the gain is reduced by 0.5 dBi when compared to the simple 

aperture coupled antenna configuration.  The stacked quad array configuration had 

increased the bandwidth by 2.5 times while the gain is increased by about 3 dBi (radiation 

efficiency unchanged).  This shows that the antenna device performance is enhanced on the 

expense of the complexity in aligning and bonding the fabricated layers in order to obtain 

the stacked antenna configurations.  For the mass manufacture, this complexity can be 

reduced by a camera based robotic machines.  The developed fabrication process provides 
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an alternative low cost packaging process as compared to the conventional LTCC and PCB 

technology.  The suspended antennas are lightweight and can be easily fabricated with 

micromachining of the SU8 photopolymer.  The method of fabrication has potential 

applications in the emerging field of UWB networks, WLAN networks at 60 GHz, 

automotive collision radar and terahertz antenna devices.  The stacked single antenna 

devices can also be used to fabricate antenna arrays for high gain applications.  The 

fabrication process developed can be used for constructing other passive devices such as 

high performance filters at millimetre wave and terahertz frequency regimes.  New ultra 

thick photoresists that does not necessarily need post baking process could pave the way for 

cost effective fabrication of these antenna devices [148].   

6.2 FUTURE WORK 

In a typical communication device, an antenna occupies a significant portion of the area of 

the device.  It is envisaged that the micromachined antenna devices will potentially find 

applications in miniature sensor networks, large array planar antenna devices, on chip 

communication antenna systems in the X band, millimetre wave and terahertz frequency 

regimes.  Certain applications like the miniature sensor networks operating at millimetre 

wave frequencies and beyond will potentially need a compatible encapsulation and 

assembly process for the RFICs and the antenna device.  Potentially, the micromachined 

antenna devices can be realised in to the emerging 3-D packaging approaches often referred 

to as SIP (System-in-Package) and SOP (System-on-package) to provide major 

opportunities in both miniaturization and integration for advanced and portable wireless 

packages.  The micromachining concept for antenna fabrication facilitates the integration of 

RFIC chips in the air cavity underneath the patch elements.   

In the work described in this thesis, single element and a quad-element micromachined 

suspended micromachined antenna devices were produced.  In the future, the suspended 

micromachined antenna devices and the associated arrays of these devices can be integrated 

with RFIC chips to investigate the improvement of the performance of the communication 

systems using the micromachined antenna devices.  Thus, it will be interesting to study the 

integration capability of this assembly approach in the future.   The reliability and 

robustness of the suspended micromachined antenna devices should be further investigated.  

The reliability of the micromachined antenna devices containing suspended structures is a 
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concern in general.  The vibration, shock and thermal cycling test etc can be carried out in 

the future to study the reliability of the suspended micromachined antenna devices.  Shear 

test can be carried out to investigate the bond strength of the supporting polymer rims.  The 

thermal stress due to the CTE (coefficient of thermal expansion) mismatch between the 

SU8 polymer and the substrate materials should be accommodated in the fabrication 

process so as to eliminate the potential delamination of the SU8 structures from the 

substrates.   
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APPENDIX 

A1 A MICROMACHINED FSS BASED ANTENNA DEVICE 

A1.1 Introduction 

There has been a growing interest in utilizing the unlicensed 60 GHz band due to the 

benefits of wide bandwidth, the maximized frequency reuse, and the short wavelength that 

allows very compact passive devices [149].  Multilayer low-temperature cofired ceramic 

(LTCC) based System-on-Package (SoP) technology has already been implemented on 

terminals for mobile communications or wireless local area networks (WLANs).  Although 

the LTCC based antenna systems have been realized at the 60 GHz band, they suffer from 

low gain and low efficiency coupled with complex feeding networks.  They may also suffer 

from low resolution metal printing techniques such as screen and stencil printing resulting 

in poor device performance. 

A high gain planar antenna using a suspended frequency selective surface (FSS) and 

operating at a frequency of 60 GHz has been investigated.  Using micromachining 

technology, the dimensions of the polymer ring spacer can be controlled precisely to 

provide the required air gap between the FSS layer and the ground plane to obtain high 

performance.  Although the principle of operation of a micromachined FSS based antenna 

device is different to the micromachined patch antenna devices presented earlier in the 

thesis the fabrication process for this antenna device is similar to that presented in Chapter 

4.  Thus, it is anticipated that the fabrication techniques for the micromachined aperture 

coupled antenna devices can be used for the micromachined FSS based antenna devices.  

The principle of operation, the modelling of the antenna device and initial measurement 

results are presented in this appendix. 

A1.2 Review of FSS based partially reflective arrays and antennas 

G. V. Trentini et al introduced the partial reflecting sheet arrays for antenna applications for 

the first time in 1956 [150].  Multiple reflections of electromagnetic waves between two 

planes were studied, and the increase in directivity that results from a partially reflecting 

sheet in front of an antenna was investigated at a wavelength of 3.2 cm.  The device relied 

on the ‘electromagnetic transparency’ of an inductive frequency-selective surface (FSS) in 
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its pass band and as a result weak leaky-wave action was observed due to multiple 

reflections between the FSS and the ground plane.  The outer diameter and over-all length 

of the antenna devices were 1.88 λ and 0.65 λ respectively.  The device showed half-power 

beam widths of 34o and 41o in the E and H planes respectively, and a gain of approximately 

14 dB.  It was shown that larger systems could produce considerably greater directivity but 

that their efficiency would be poor. 

J. R. James et al [151] reported further beam forming properties that result from having 

multiple FSS’s in conjunction with a low-gain primary aperture.  High gain antenna devices 

by the use of frequency selective surfaces as partially reflecting sheets have been 

continuously developed in the recent years.  Feresidis et al have developed a high gain 

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

 

The high gain planar antenna was developed using an optimized partially reflecting surface 

(PRS) placed in front of a waveguide aperture at around 14.5 GHz with a maximum gain of 

21.9 dBi and a 1.2% bandwidth for an array size of 17 × 17.  The device was constructed 

using a foam board based spacer.  A ray based analysis was employed to describe the 

operating principle of the antenna and to qualitatively predict the antenna performance.  

Full-wave simulations were carried out using a commercially available software tool 

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

and side lobe level) was also studied.   

       

Figure A.1 Schematic showing the FSS based antenna and the principle of operation [152] 
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Low profile antenna devices have been developed by the same group by employing 

artificial magnetic conductors [153-155] and an array antenna device with increased 

element spacing [156].  Further variations of theses antenna devices have been developed 

[157-160] with an optimized antenna device obtained using a multi-feed based design.   A 

high gain antenna device for multi-spot coverage has been developed by Chantalat et al 

[157].  On the other hand, antenna devices have been developed for base station antennas 

applications such as the omni directional [161, 162] and sectoral antenna devices [163]. 

 

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

The leaky-wave behaviour is illustrated in Figure A.2, showing a ray emitted at angle θ  

from the primary aperture, progressively reflecting between the conducting ground plane 

and parallel FSS.  The complex reflection coefficient R(θ ) exp [j φ (θ )] at the FSS is a 

function of both θ  and the FSS geometry. rL  is the resonant distance between the PRS and 

the ground plane.  If f(θ ) is the angular distribution of rays from a primary antenna, then an 

approximate formula for the radiation pattern P(θ ), based on the summation of rays, is 

[150-152] 
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where ( )θφ  is the reflection coefficient phase of the FSS interface and ( )θP  is maximum 

when the following condition is satisfied. 
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The gain of the antenna device is given by 
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Thus by knowing the complex reflection coefficient, one can estimate the gain and 

bandwidth for these kinds of antenna devices.  The complex reflection coefficient can be 

measured experimentally for any periodic FSS geometry with two standard gain horn 

antennas.  

A1.3 Design and modelling  

A1.3.1 Software tool for electromagnetic design and simulation 

Figure A.3 shows the schematic of the antenna device based on metamaterial (FSS) and 

micromachining techniques.  FSS based Fabry-Perot cavity antenna device for high 

directivity form as a basis for this antenna device.  In order to reduce loss and to produce a 

low profile device, the FSS structure is placed on a thin polymer film.  The micromachined 

ring spacer is used to position and suspend the thin polymer film above the ground plane.  

A waveguide-fed aperture in the ground plane is used to provide excitation of the cavity.  

The design of the FSS was carried out using method of moment code by analyzing the 

reflectivity of the FSS structure.  The FSS is then incorporated into the antenna structure for 

device design and modelling using MicrostripesTM [164] a time domain based 

electromagnetic (EM) simulation package.  CST MICROSTRIPES™ (CST MS) is a 

powerful 3D simulation software which uniquely employs the Transmission Line Matrix 

(TLM) method to solve Maxwell’s equations in the time domain, a highly efficient 

numerical method.  The TLM matrix is coupled with a GUI (Graphical user interface) and 

an optimal meshing algorithm.  The design process follows five steps: 

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

another CAD package. 
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2. Assign the material properties to the geometry  

3. Exciting the port or a plane wave excitation 

4. Define the results such as S11, impedance, radiation patterns etc  

5. Solving the Maxwell equations with the efficient time domain solver based on the 

TLM (Transmission Line Matrix) for accurate broadband results.   

 

Figure A.3 Schematic of the cross-sectional view of the antenna design for 60 GHz 
operation. 

 

Figure A.4 Layout of the micromachined FSS based antenna device in solid modeller within 
the MicrostripesTM package[164] 
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CST MICROSTRIPES™ has a model builder that can be used to create solid geometry 

while Boolean operations, library parts, sweeps and transformations are also available to 

aid the geometry creation.  Within CST MICROSTRIPES™ models can be excited in a 

variety of ways such as by ports and plane waves.  Ports, which can be waveguide, coaxial, 

microstrip, stripline, co-planar, slotline or wire source, can be specified anywhere within 

the workspace and do not have to be coincident with the boundaries.  The excitation is an 

impulse in the time domain and the resulting output (impulse response) can then be 

convolved with user definable waveforms producing results as if the model had been 

excited with said waveform.  The size of the largest and smallest cells in the mesh has a 

significant effect on the accuracy and speed of the simulation, and therefore requires careful 

consideration.  The 3D-TLM simulator considers the electromagnetic field to be uniform 

within each cell.  The Automesher chooses the default cell-size to be 1/10 of the free-space 

wavelength at the requested maximum model frequency, or 5% of the model size, 

whichever is the smaller.  The Automesher also always takes into account material 

properties and reduces the cell-size within dielectric bodies.  In general, it will take at least 

two time steps for the electromagnetic wave to cross any cell in any direction - so that the 

time-step depends critically on the smallest dimension of any cell.  Thus, the largest 

dimension of any cell limits the frequency range and the smallest dimension of any cell 

limits the time-step.  Finally, a Fourier transform module is used to transform time domain 

output from the solver into the frequency domain. The actual integral is as follows [164] 

( ) ( ) ( )
∫ −=
2

1

2
t

t

fti dtetgfG π      (6.5) 

Where g (t) is the time domain response and G (f) is the frequency domain response.  Now 

nT
f

1=∆       (6.6) 

The spacing between frequency samples, f∆  is a constant chosen to ensure that the 

frequency domain data appears smooth when plotted as a graph.  nT is the number of time 

steps. 

A1.3.2 Results and analysis 

The micromachined FSS based antenna design shown in Figure A.4 was designed for 60 

GHz operation.  The polymer film containing the FSS structure is supported by a 
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micromachined polymer ring spacer above the ground plane.  Table A.1 gives the 

dimensions and electrical properties for the micromachined FSS based antenna device. 

 

 

Table A.1 Dimensions and electrical parameters for the micromachined FSS based antenna 
device 

Parameter  

Array size of FSS 17×17 

Patch dimension 2.2 mm 

Height of cavity 2.6 mm 

Dimension for coupling aperture 2.1mm × 0.4mm 

Outer dimensions of cavity 44.5 × 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 TaconicTM TLY-5 
substrate 

2.2 

Loss tangent of SU8 0.043 

Loss tangent of PTFE film 0.005 

Loss tangent of TaconicTM TLY-5 substrate 0.0009 

 

The design procedure of the antenna device is similar to that described previously [150].  

The FSS structure contains an array of 19x19 square elements of copper printed on a PTFE 

film of thickness 0.25 mm including the copper cladding of 18 µm and dielectric constant 

2.2 respectively.  The dimension of each element is 2.2mm × 2.2mm and the separation 

between the adjacent elements is 150 µm.  The design and optimisation of the FSS structure 

was carried out using the method of moment code.  The analysis is based on Floquet’s 

theorem and assumes an array of infinite size [152].  The optimum design parameters and 

the resultant electromagnetic characteristics of the antenna device were obtained using the 

Microstripes EM simulation package by optimising the design.  The initial SU8 polymer 

thickness and thereby the height of the cavity is given approximately by Equation (6.2).  
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The dimensions of the coupling aperture and the thickness of the SU8 polymer rim are 

optimised for better bandwidth and antenna gain. 

 

The height of the polymer ring was determined to be 2.6 mm for the device to operate at 60 

GHz.  The internal dimensions of the ring are 48mm x 48mm and the wall thickness of the 

ring is 2.5 mm.  The size of the coupling aperture is 2.1mm × 0.4mm.  Figure A.5 shows 

the reflection characteristic of the antenna.  The return loss is better than -10 dB at the 

design frequency, and with a -10dB bandwidth of 2%. 

 

Figure A.5 Simulation results of reflection coefficient (S11) for the micromachined FSS 
based antenna device 

 

(a)                                                                (b) 

Figure A.6 Simulated radiation patterns of the micromachined FSS based antenna device at 
60 GHz 

S 1
1 
(d

B
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Figure A.6 shows the E plane and H plane radiation characteristics.  The side lobes are less 

than -28 dB in the E plane and -15 dB in the H plane respectively.  The higher side lobes in 

the H plane are attributed to the diffracted fields due to the finite size of the PRS, which 

was limited to about 8.9x8.9λ in order to reduce the computational requirements.  The 

radiation bandwidth of the antenna is about 1.5%.  The radiation bandwidth is defined as 

the bandwidth over which the gain of the antenna varies at about 3 dB from the peak.  The 

design was optimised for both optimum bandwidth and gain.  However, as is well known 

for this type of antenna there is a clear trade-off between these two parameters.  Figures A.7 

and A.8 show the 3D radiation profiles of the micromachined FSS based antenna device at 

two different frequencies.  Figure A.9 shows a 3D radiation profile of the antenna device 

when a solid layer of SU8 is used as the spacer.  Thus, it can be seen that the antenna gain 

varies from 23.561 dBi at the centre frequency of 60.25 GHz to 16.5 dBi at 58.54 GHz 

(band limit) while the material loss increases from 0.13 dB to 0.75 dB. 

 

Figure A.7 Simulation of the 3D radiation profile for the micromachined FSS based antenna 
device at 60.25 GHz 
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Figure A.8 3D radiation profile for the micromachined FSS based antenna device at 58.54 
GHz 

 

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

The full wave simulation gives a material loss of around 3.8 dB for SU8 filled cavity at the 

centre frequency which shows that one should refrain from using SU8 material as a 

substrate for these kinds of antenna devices. 
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A1.4 Fabrication and assembly 

The antenna device was fabricated using the MEMS based microfabrication and 

microassembly techniques described in chapter 4.  Figure A.10 outlines the fabrication flow 

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

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

photoresist layer by spin coating, the photoresist is patterned using a photomask to define 

the FSS structure.   

 
                              (a)                                                     (b) 

 

                                       
(c) 

Figure A.10 Schematic of the fabrication flow for the micromachined FSS based antenna 
device on (a) microwave substrate (b) Taconic substrate (c) antenna assembly. 

The exposed copper layer is then removed by wet etching followed by photoresist removal 

to obtain the FSS structure containing arrays of square copper elements.  The coupling 

aperture on the ground plane was fabricated using a similar method.  The supporting 
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polymer rim was produced by bonding two identical SU8 based polymer ring structures 

that were produced on the FSS and ground plane substrates respectively.  The SU8 rim 

structures are fabricated by surface micromachining of thick film SU8 epoxy layer as 

illustrated in Chapter 4.  The height and wall thickness of each of the rims were 1.3 mm and 

2.5 mm respectively.  To facilitate the coupling of the waveguide to the antenna device for 

EM characterization, alignment marks were produced on the ground plane substrate by 

precision mechanical machining.  Figure A.11 shows the photographs of the fabricated 

antenna device. 

  

Figure A.11 (a) Photograph of the micromachined FSS based antenna device after assembly 
(b) Photograph showing the FSS layer on the Taconic substrate along with the SU8 polymer 

rim 

A1.5 Measurement 

Initial measurements for antenna device were performed for radiation characteristics but 

not for the reflection characteristics as a vector network analyser is required.  The far field 

test setup for the work is shown in Figure A.12.  A 20 dBi FlannTM  standard gain horn was 

used as a reference antenna.  An Agilent 83557A mm-wave source module was used to 

drive the standard gain horn antenna.  An 8350/83550A sweep oscillator was used as a 

frequency source to drive the millimetre wave module.  A U85026A WR-19 waveguide 

detector from 40 GHz to 60 GHz was connected to an Agilent 8757 scalar network analyser 

to obtain the scalar transmission parameters.  A waveguide flange end from the detector 

was connected to the V band waveguide that feeds the micromachined antenna device 

(AUT).  A gain of about 12 dBi was obtained using the gain comparison technique as 

described in Chapter 5.   
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Figure A.12 Schematic showing the far field set up for the micromachined FSS based 
antenna device 

The lower value of the measured gain can be attributed to the misalignment of the 

waveguide feed to the aperture.  The waveguide feed is a FlannTM V band waveguide that is 

machined and glued to the copper plate on the Taconic substrate.  Any misalignment during 

the fixture and the smoothness of the machined waveguide are the sources of error during 

measurements.  The lower measured gain can also be due to the measurement technique 

used where a scalar network analyser is employed and the reflection parameters were not 

measured to take into account any serious mismatches at the measured frequency. 

 

A1.6 Summary 

A high-gain micromachined FSS based antenna device has been successfully designed and 

modelled for V band operation.  The simulation results show low reflection coefficient and 

good radiation characteristics with a gain of 25 dBi at around 60 GHz and an antenna 
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efficiency of more than 95% have been achieved.  The antenna device was constructed.  

Preliminary measurements of antenna radiation pattern, S11 parameter and gain were carried 

out.  The initial results show a gain of about 12 dBi for the device, lower than the expected 

value of 25 dBi.  Further investigations are necessary in order to improve the measurement 

setups to determine the performance of the device, in particular better control of coupling 

between the feeding waveguide and the aperture of the ground plane. 
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A2 FABRICATION  

A2.1 Thin film deposition 

Conductor patterning on substrates can be achieved by either thin film deposition followed 

by electroplating or chemical based etching of a metal film.  The metal features tend to 

posses rough side walls and non-uniform feature sizes for the patterns obtained using the 

chemical etching process.   

 

Figure A.13 Photograph of the electron beam evaporator 

The thin film deposition was used in the thesis work for producing seed layers on un-

metallic polymer thin film substrates for patch fabrication.  The thin-film metal layers were 

deposited by vacuum evaporation using an electron beam based deposition facility.  Figure 

A.13 shows a photograph of the electron beam evaporator.  Titanium and Copper thin films 

were used as the adhesive and seed layer respectively. 

A2.2 Spin coating 

Spin coating, spray coating and blade coating are the three main methods for deposition of 

photoresist layers on wafers in microfabrication [94].  The spin coating method was used 

for deposition of thick film photoresist layers for fabrication of antenna devices.  The spin 

coating can produce uniform photoresist films owing to the control of the polymer spaces 
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and patches for construction of antenna devices.  The method consists of an initial spread 

cycle and a high speed spin cycle.  The photoresist was coated onto the substrate wafers to 

produce a uniform photoresist film of the desired thickness.  A commercial spin coater 

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

of the spin coater. 

 

Figure A.14 Photograph of the spin coating machine 

The photoresist deposition process comprised of three steps: dispensing, spreading and 

smoothing respectively.  In the dispensing step, the carrier wafer was rotated at a low speed 

for dispensing the photoresist onto the carrier wafer.  In the spreading cycle, the carrier 

wafer was accelerated to a higher spin speed to spread the photoresist to cover the whole 

wafer.  In the final smoothing cycle, the carrier wafer was spun at accelerated high speeds 

to avoid the formation of photoresist bead at the edge of the wafer and to form a smooth 

photoresist film.  The spin speeds, acceleration and spin time were programmed for each of 

the cycles described above.  A negative photoresist (SU8) was used for fabrication of the 

polymer rims.  The photoresist used for patch fabrication was AZ 9260 (AZ electronic 

materials, Clariant Corporation), which is a positive tone photoresist. 

A2.3 Soft baking 

Soft baking is the process of removing solvents in the photoresist film prior to UV exposure 

[94].  After spin coating and the subsequent relaxation period, the wafer was soft baked on 
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a hotplate levelled with less than a 0.1o of inclination.  The wafer was then removed from 

the hotplate and left horizontally on a levelled surface to prevent the AZ / SU8 photoresist 

layers from flowing.  Figure A.15 shows a photograph of the plate setup for pre-baking of 

the photoresist layers. 

 

Figure A.15 Photograph of the hot plate setup for pre-baking of the photoresist films 

A2.4 UV exposure 

The mask aligner, Tamarack used for photolithography is shown in Figure A.16.  It consists 

of a collimated broadband UV exposure system with manual controls for alignment.  The 

UV light source employed a 2000 W Hg arc lamp, which has a typical UV spectrum of g-

line (436 nm), h-line (405 nm) and i-line (365 nm).  The AZ9260 photoresist is sensitive to 

the i-line and h-line (320 ~ 410 nm) while the SU8 photoresist is sensitive to the i-line of 

the spectrum.  The Tamarack mask aligner provided a touch screen display interface.  Most 

of the operations for mask alignment and UV exposure were carried out through the touch 

screen.  The substrate wafer coated with the photoresist film could be mounted onto the 

vacuum chuck of the mask aligner and held in place by vacuum.   

 

The UV light from the Hg arc lamp was collimated to expose an area of about 10 cm in 

diameter (4” wafers).  The mask alignment could be performed in both contact and 

proximity modes.  For the work described in this thesis, proximity exposure was used as the 

features are relatively large.  Diffraction of UV-light occurs at the air gap between the 

photomask and the photoresist layer.  This can be minimized by filling an index-matching 



 180 

material such as glycerol on the photomask [130].  A Cargille refractive index matching 

liquid has been used to improve the features of the SU8 photoresist [130, 165, 166].  

Feature sizes of 6 µm and 1150 µm in height (aspect ratio > 190) with high quality 

sidewalls were demonstrated. 

 

Figure A.16 Photograph of the Tamarac UV exposure system 

A2.5 Development 

Several methods for development of an UV exposed photoresist layer exist such as solvent 

based stirring or spinning, jet and spray based.  The solvent based stirring approach is the 

most widely used development technique wherein the stirring effect enhances diffusion that 

increases the development rate.  If the UV exposed wafer or substrate is downward 

oriented, then this improves development of high aspect ratio (HAR) structures, because it 

allows the gravitational force to aid in the chemical solubility of photoresist [130, 167].  

Megasonic and ultrasonic agitations frequencies use well above the vibration modes of the 

resist structures (typically 0.1 to 10 MHz) to agitate the developer.  SU8 structures ranging 

from 20 µm to 1.5 mm in height and with aspect ratios up to 50 have been reported [130].  

The disadvantage is that ultrasonic waves and megasonic waves can cause cracking and de-

bonding of the photoresist layer.  Spray development and jet development are the recent 

developed techniques for HAR structures using the SU8 photoresist [168].  In spray 

development, a spray nozzle is used to create small droplets of developer that are sprayed 

on the wafer uniformly.  In jet development, the developer is directed in specific locations 

at elevated pressure to force fresh developer into deeper, less accessible parts of the pattern.  
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Spray development doesn’t have selectivity while jet development can selectively remove 

soluble photoresist to create HAR structures. 

 

For the fabrication of the micromachined aperture coupled antenna devices, a combination 

of the stirring and ultrasonic method was used.  The SU8 coated wafers after exposures 

were developed in the PGMA solution in an ultrasonic bath for less than a minute and then 

further developed with the stirrer system.  The stirrer system consisted of a hotplate with a 

magnetic bead stirrer.  The wafer to be developed was placed in PGMA solution on the 

stirrer system at 25oC.  The solution was stirred with the help of a magnetic bead at ~100 

rpm.  The polymer rims fabricated for the microstrip fed stacked and simple antenna 

devices are of around 1.2 mm thick and 1 mm wide thus having an aspect ratio of 1.2 while 

for the CPW fed antenna device is 1.1 mm and 2 mm in width possessing an aspect ratio of 

1.6.  It was found that this level of aspect ratio gives better mechanical stability for the SU8 

polymer rim owing to the large feature sizes of the polymer rims (typically around 20 

mm×20 mm). Although, SU8 is known for achieving high aspect ratios (.>190) this is true 

only for smaller feature sizes (<0.1 mm×0.1 mm) and as the feature sizes get larger like that 

for the polymer rims than problems like adhesion to the 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 shown in Figure A.17(a) was used to etch 

the copper layers after the UV-lithography process in order to produce conductor patterns 

on metallised substrates.  The etching solution was prepared by dissolving 350 g of 

sublimate in 1 litre of cold water using a heat proof container and stir with a non-metallic 

tool as shown in 4.6(b).  It should be noted that the preparation process should not be 

carried out in the etching tank due to the exothermic reaction.  Ferric chloride tends to 

deposit a mud of copper chloride in the solution tank.  This can be eliminated by adding 

small portions of chloric acid to the used (but never to the fresh) liquid. 
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(a) 

 
 

 
(b) 

Figure A.17 (a) Bungard Jet 34 d spray etching machine, (b) Ferric chloride solution with 
50 g/l in the spray etch machine [169] 

Table A.2 Physical and thermal properties of SU8 photoresist 

Characteristics Value 

 Maximum modulus of elasticity (E) 4.95 +/- 0.42 GPa 

Bi-axial modulus of elasticity (E/(1 - ν )) 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 (µ) 0.19 

 Maximum bond strength 20.7 +/- 4.6 MPa 

Glass temperature (Tg)  ~50 oC 

Thermal expansion coefficient  52 ± 5.1 ppm K−1 
at 95 oC 

Polymer shrinkage  7.5% 
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Table A.3 Physical and thermal properties of DuPont Kapton polyimide film from Kapton® 

HN [120] 

Characteristics Value at 23oC 

Tensile Strength 231 MPa  

Elongation 72 % 

Poisson ratio 0.34 

Tensile Modulus 2.5 GPa 

Density 1.42 gm/cc 

Coefficient of Friction, static 0.63 

Heat Sealability not heat sealable 

Thermal Coefficient of Linear 20 ppm/°C 

Shrinkage  0.17% at 150oC 

Flammability  94V0 

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

Dimensional stability MD (%) -0.06 

CMD (%) -0.03 

Peel Strength N/mm (lbs/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/cm2,Typical 1.4 

Coefficient of Thermal Expansion  

CTE (30oC to 150oC) 

X ppm/oC 17 

Y ppm/oC 17 

Z ppm/oC 150 

Solder Float, method B(288oC)  PASS 

Melting Temperature oC 315 

Relative Thermal Index - RTI Mechanical oC 190 

Electrical oC 240 

Thermal Conductivity W/m/ oK 0.2 

Thermal Coefficient of z., -50oC to 150 oC ppm/ oC (+)24 
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A3 THE NETWORK ANALYSER  

Network analysers are used to measure components, devices and circuits by looking at a 

known signal in terms of frequency and are described as stimulus-response systems [141].  

The reflection and transmission characteristics of the antenna devices were measured using 

a HP 8510B network analyser for obtaining various antenna parameters.  A network 

analyser can provide much higher accuracy than a spectrum analyser.  Spectrum analysers 

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

 

Figure A.18 General block diagram of a network analyzer [141] 

 

Figure A.19 Schematic of an S-parameter measurement system [141] ` 
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Spectrum analysers are usually a single channel receivers without a source and have a much 

wider range of IF bandwidths than a network analyser.  Interpreting the results is much 

easier with a network analyser than a spectrum analyser [141].  Figure A.18 shows a block 

diagram of a network analyser illustrating the main signal processing parts while Figure 

A.19 shows the schematic of an S-parameter measurement system.  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 showing the results.  

For a modern vector network analyser, a source is a synthesised sweeper; a signal 

separation device is a directional coupler while a tuned receiver is used for signal detection.  

Finally, a sampler is used to sample the time slices of detected signal and send to A/D and 

than to the display. 
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