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Thesis Abstract

THESIS ABSTRACT

As the demand for wireless communication data and video grows, the demand
for more channels and wider bandwidths is increasing. The conventional
frequency bands (below 6 GHz) are already congested, thus to satisfy this
demand, the research into transceiver systems working at frequencies higher
than 10 GHz has been growing. Ku-band, ranging from 12 GHz to 18 GHz, is
one of these frequency bands that is being considered. Cost, area and power

consumption are the key figures of merit for such Ku-band transceiver systems.

A literature survey shows that most of these transceivers are large and heavy
due to use of discrete components such as filters and separately located
modules. The multi-layer low temperature co-fired ceramic (LTCC) and the
systems-on-package (SOP) implementations are capable of overcoming these
issues by integrating active and passive components on one board. Various Ku-
band filters are reported in the literature using different designs and
manufacturing methods, for example, defect ground structure (DGS), inter-
digital structure, coupled line filters and couple strip line filters, which have
been integrated using LTCC technology. However, improvements in filter
performance and better integration methods with microwave monolithic
integrated circuits (MMIC) radio frequency microelectromechanical system (RF
MEMS) technology is needed to further improve integration and reduce cost
and power consumption. A high quality (Q) factor narrowband film bulk
acoustic wave resonator (FBAR) filter and FBAR diplexer designed using
MEMS technology have been developed for WiFi and WiMAX applications.
However, an analysis of Ku-band transceivers and filters shows that FBARs

with a bandwidth of around 500 MHz will be required for the design of Ku-

Xix



Thesis Abstract

band FBAR filters. This research focuses on the design, analysis and

optimisation of a suitable FBAR for Ku-band filters to achieve this aim.

In this research, a ladder-type FBAR filter is designed and analysed using the
one-dimensional (1-D) closed-form expressions based on FBAR design
variables, including series resonance frequency, parallel resonance frequency,
electromechanical coupling coefficient (k%) along with filter design variables
such as filter order (N), insertion loss (Ir) and out-of-band (OoB) rejection. The
effect of design parameters such as the series resonance frequency and parallel
resonance frequency of the series FBAR ( f° and f#), the series resonance
frequency and parallel resonance frequency of the shunt FBAR (f,* and f,#) and
the frequencies where the electrical impedance of the series FBAR and shunt
FBAR are equal (fi and f) are analysed and discussed. The obtained electrical
impedances from the analysis are employed to compute the S-parameters of the
FBAR filter by using the ABCD matrix method. From the result, it is concluded
that by increasing the order of the FBAR filter, the OoB rejection is improved;
however, the insertion loss and the 3 dB bandwidth is degraded. The Ku-band
FBAR filter characteristics obtained from the analysis are then used to extract
the expected Ku-band FBAR characteristics by using the Butterworth Van Dyke

(BVD) equivalent circuit.

In order to further analyse and optimise the Ku-band FBAR design parameters
evaluated using the 1-D numerical analysis, the 3-D finite element method
(FEM) is used. The influence of various geometrical parameters including the
thickness, width and length of the piezoelectric film and electrode layers on the
performance of FBAR is analysed to find suitable solutions for designing a wide
bandwidth and high Q factor Ku -band FBAR. A higher k% will result in wider
bandwidth while a higher Q factor will result in an FBAR with better

performance. Analysis shows that the k%f of the Ku-band FBAR can be
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improved by optimising the thickness ratio of the electrode to the piezoelectric
material (t./ty). The optimum t,/t, is from 0.05 to 0.15 in order to achieve the

maximum value of kZ;of the FBAR.

In 3-D FEM, material damping coefficients (a and p) of AIN are estimated using
Akhieser approximation instead of using material properties of silicon to
achieve a more realistic value of the Q factor. The values of a and f§ obtained are
1.55 x 10%/s and 3.84el4s at 15 GHz, respectively. The optimised Ku-band
FBARs have achieved kZ%f of 6.47%, Qs of 263.26 and Q) of 284.29 for series
FBARs, and k%g of 6.51%, Qs of 286.84 and Q, of 306.51 for shunt FBARs
resulting in an overall bandwidth of 430 MHz for series and 400 MHz for shunt
FBARs. The Ku-band FBAR designed in this work has higher bandwidth, better

k2 and Q factor compared to other studies.

Finally, the Ku-band FBAR filters implemented with the optimised Ku-band
FBARs are characterised by using the ABCD matrix method. The designed Ku-
band FBAR filter has centre frequency of 15.5 GHz, insertion loss of -3.36 dB,
out-of-band rejection of -11.90 dB, bandwidth of 1.09 GHz and area size of
0.58x0.15 mm?. To the author’s best knowledge, this is the first FBAR filter
designed in Ku-band. This Ku-band FBAR filter has comparable performance to
the best-known Ku-band couple stripline filter and achieves an area reduction
of 99.5%. Therefore, the designed Ku-band FBAR filter is a suitable candidate to

be implemented on the Ku-band transceiver.

XX1
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CHAPTER 1 : INTRODUCTION

1.1 Introduction

As the wireless communication of data and video grows, the demand for more
channels and wider bandwidths is increasing. The conventional frequency
bands (below 6 GHz) are already congested, thus to satisfy this demand, the
research into transceiver systems working at frequencies higher than 10 GHz
has been growing. Ku-band, ranging from 12 GHz to 18 GHz, is one of these

frequency bands that are being considered.

Cost, area and power consumption are the key characteristics to consider for
such a transceiver system. However, the literature shows that most of these
transceivers are relatively large and heavy due to the use of discrete
components such as filters and other sub-modules located on the same or
different printed circuit board (PCB). The multi-layer low temperature co-fired
ceramic (LTCC) and the systems-on-package (SOP) implementations are
capable of overcoming these issues by integrating active and passive
components on one board. Various Ku-band filters are reported in the literature
using different designs and manufacturing methods, for example, defect
ground structure (DGS), inter-digital structure, coupled line filters and couple
stripline filters, which have been integrated using LTCC technology. However,
improvements in filter performance and better integration methods with
microwave monolithic integrated circuits (MMIC) and radio frequency
microelectromechanical system (RF MEMS) technology is needed to improve

integration and reduce power consumption.

Film bulk acoustic wave resonator (FBAR) filters and FBAR diplexers designed
using MEMS technology have been developed for WiFi and WiMAX

1
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applications. Such MEMS components have shown better performance and a
higher integration level, and the same performance is expected to be achieved
in Ku-band transceivers by using FBAR filters. FBARs operating in the
frequency range of 5 GHz to 20 GHz have been reported to show a very high
quality (Q) factor, good power handling and small size.

In this thesis, an FBAR operating in Ku-band is designed and researched by
using an air-gap type FBAR and optimisation of its geometrical parameters and
material losses. The Ku-band FBAR filters are implemented with the proposed
FBAR using one-dimensional (1-D) numerical analysis. The FBAR filter size is
reduced to desirable dimensions and showed acceptable performance

compared to the other Ku-band filters reported in the literature.

1.2 Motivation

Typical Ku-band transceivers consist of a low-noise amplifier (LNA), power
amplifier (PA), voltage-controlled oscillator (VCO), upconveter, downconverter
and filters. The filter is one of the key components in transceivers. The current
drawbacks of most commercially available microwave and millimetre-wave
front-ends, such as the Ku-band satellite transceivers for outdoor units, are their
relatively large size and heavy weight, the latter primarily due to discrete

components such as the filters, and separately located modules [1].

FBAR filters have a very high Q factor, good power handling and small size [2-
4]. Thus, low insertion loss with steep roll-off filters can be designed in Ku-
band, which will improve system performance and allow higher integration,
resulting in reduced cost and low power consumption. In addition, FBARs can
be manufactured on a flat silicon substrate using surface micromachining and
befits mass production. This allows the filter components to become compact

and cheap [4]. Furthermore, FBARs are compatible with complementary metal-
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oxide-semiconductor (CMOS), MMIC and MEMS technology, resulting in better

integration to reduce the size and cost of Ku-band transceivers.

1.3 Research Aims

The aim of this research is to design filter based on FBAR in Ku-band to meet
the requirement of Ku-band transceiver specifications. This research focuses on
investigating issues in the design of such an FBAR filter and develops solutions

to the issues. The specific aims are:

To study the application of Ku-band transceiver;

e To study and investigate the design issues for Ku-band filters;

e To research and design high Q factor and wide bandwidth FBARs for
Ku-band filters;

e To study and investigate the design issues for FBAR filters in frequency

more than 10 GHz;

e To analyse the performance of FBAR filters using the newly designed
FBAR;

1.4 Original Contributions

The major contribution of this research is the design of a high Q factor FBAR in
Ku-band using the air-gap FBAR. Aluminium nitride (AIN) and ruthenium (Ru)
are used as the piezoelectric material and electrodes respectively. The influence
of various geometrical parameters including the thickness, width and length of
the piezoelectric film and electrode layers on the performance of FBARs is

analysed to find suitable solutions for designing a wide bandwidth and high Q

3
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factor Ku -band FBAR. Analysis shows that the k. of the Ku-band FBAR can be
improved by optimising the thickness ratio of electrodes to the piezoelectric
material (tx/ty). The optimum  t,/t, is from 0.05 to 0.15 in order to achieve the

maximum value of kZof the FBAR.

The material damping coefficients (2 and f) of AIN are estimated using
Akhieser approximation instead of using material properties of silicon to
achieve a more realistic value of the Q factor. The value of a and f§ obtained are
1.55e*/s and 3.84e14 s at 15 GHz respectively. The optimised Ku-band FBARs
have achieved k% of 6.47%, Qs of 263.26 and Q, of 284.29 for series FBARs, and
k2 of 6.51%, Qs of 286.84 and Qp of 306.51 for shunt FBARs resulting in an
overall bandwidth of 430 MHz for the series and 400 MHz for the shunt FBARs.

Ku-band FBAR filters implemented with the optimised Ku-band FBARs are
characterised by using the ABCD matrix method. The designed Ku-band FBAR
filter has centre frequency of 15.5 GHz, insertion loss of -3.36 dB, out-of-band
rejection of -11.90 dB, bandwidth of 1.09 GHz and area size of 0.58 x 0.15 mm?
which makes it a suitable candidate for implementation in a Ku-band

transceiver system.

1.5 Significance of the Research

The designed FBAR filter features a minimum size compared to other Ku-band
tilters with acceptable performance for Ku-band transceivers. Another
advantage of the FBAR filter is that it can integrate with other CMOS
technology. Furthermore, FBARs can be manufactured at a very competitive
cost using standard integrated circuit (IC) manufacturing. This will remove
interconnect and off-chip components. The designed FBAR filter also will
reduce power and signal losses in on-board routes due to its high Q factor.

Thus, it will improve the overall performance of Ku-band transceivers.
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1.6 Research Methodologies and Techniques

The research methodologies and techniques to achieve the aims of this research

are as follows:

Study the application of Ku-band transceivers;

A detailed literature review on Ku-band transceivers is carried out.
Detailed analysis of Ku-band transceiver architectures is conducted to
identify the key issues to achieve compact transceivers. The analysis
shows that separately located modules and discrete components such as

tilters are the causes of large and heavy weight Ku-band transceivers.

Study and investigate the design issues for Ku-band filters;

Detailed analysis of various types Ku-band filters is discussed. Analysis
shows that these filters have wide passbands (>1 GHz). However, these
filters have slow roll-off due to their low Q factor resonators. Another
disadvantage of the currently implemented Ku-band filters is their
requirement for a large volume area. A better filter can be achieved by
implementing a high Q factor resonator with minimum size. FBAR filters
and FBAR diplexers have been developed for WiFi and WiMAX
applications. These components have shown better performance with
reduced size and cost, due to a very high quality Q factor, good power
handling and small size. This also can be achieved in Ku-band

transceivers by implementing the FBAR filters.

Study and investigate the design issues for FBAR filters with a frequency
greater than 10 GHz;

The analysis of FBAR filter design issues is carried out to find proper
solutions for designing a wide bandwidth FBAR filter in Ku-band. The

resonance frequency of FBARs is determined by the thickness and phase
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velocity of the piezoelectric layer. Therefore, for FBARs operating in
frequencies higher than 10 GHz, the thickness of the piezoelectric layer is
in the hundred nanometre (nm) scale. AIN and Ru are chosen as the
piezoelectric material and electrode due to their high acoustic velocity
and high acoustic impedance respectively. The air-gap type FBAR
operating in Ku-band is designed using CoventorWare ® 2010 and the
optimisation of the geometrical parameters of the FBAR is fully analysed

and discussed.

e Research and design a high Q factor and wide bandwidth FBAR for Ku-
band;
The air-gap type FBAR operating in Ku-band is proposed and designed
to achieve maximum k2 and high Q. The design and analysis of the
FBAR are performed using simple fabrication steps that have been
developed for the air-gap type FBAR. The ratio electrode to piezoelectric
material is used to estimate the value of k% A maximum k%g with high
Q FBAR is achieved by optimising the geometrical parameters. The k2 is
an important parameter used in designing an FBAR filter to improve the

bandwidth of the filter.

e Analyse the performance of the FBAR filter using the newly designed
FBAR;
The performance of the Ku-band FBAR filters using the proposed FBAR
is analysed and discussed in detail with respect to the bandwidth at 3 dB

(BW.34), insertion loss (IL) and out-of-band (OoB) rejection.

1.7 Thesis Organisation
This thesis will highlight the design issues for transceivers operating in Ku-

band. This is based on the detailed literature studies of Ku-band transceiver
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systems to date. Filters are identified as one of the limiting factors in achieving a
compact transceiver. The Ku-band FBAR filter implemented with the proposed
Ku-band FBAR results in comparable performance with other Ku-band filters.

This thesis is organised as follows:

Chapter 2 presents a detailed discussion of the available literature on the
applications of Ku-band in wireless communications systems. Various types of
Ku-band transceivers are discussed. The major issue for Ku-band transceivers is
their large size and heavy weight due to discrete components such as filters and
other separately located modules. This chapter also explores the various types
of Ku-band filters that have been implemented in Ku-band transceivers and
points out the advantages and disadvantages of the current integration and
implementation of these Ku-band filters. Improvement in filter performance
and better integration methods with microwave monolithic integrated circuit
(MMIC) and radio frequency microelectromechanical systems (RF MEMS)
technology are reviewed. FBAR filters operating at lower frequencies, which are
widely used in wireless communications applications, are also presented.
Different types of FBARs and FBAR filters along with their associated design

methodologies are also discussed.

Chapter 3 explains the theory of FBARs and FBAR filters. The detailed
discussions on the theory of FBARs such as piezoelectric and acoustic
propagation theory and their important characteristics, such as Q factor and
electromechanical coupling coefficient (k%) are presented. Detailed discussion
on the design methodology of FBARs and FBAR filters using 1-dimensional (1-
D) and 3-dimensional (3-D) finite element methods (FEM) are explained. A
detailed discussion on the major losses from piezoelectric material such as
thermoelastic damping and material damping are also presented. This chapter

also discusses the film bulk acoustic wave resonator (FBAR) filter, which
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focuses on the ladder-type FBAR filter. The theory and important characteristics
of filters such as the insertion loss (Ir), out-of-band (OoB) rejection, and

bandwidth (BIV) are discussed.

Chapter 4 describes the design and analysis of Ku-band FBAR filters using 1-D
numerical analysis. The effects of varying the design parameters such as fs, f#,
1%, f, f1 and f> on filter characteristics are presented. The “‘mid-band dip” issue in
wide-bandwidth FBAR filter is also analysed. The effects of filter order (N) on
out-of-band (OoB) rejection and filter characteristics are also discussed. Finally,

the characteristics of the FBAR are described using the BVD model.

Chapter 5 focuses on the design and analysis of FBARs using the 3-D Finite
Element Method (FEM). This includes the layout design, fabrication process
and the FBAR model. The characteristics of the proposed FBAR are based on
the characteristics of FBARs obtained using the BVD model in Chapter 4. The
influence of various geometrical parameters and material losses on FBAR
performance is analysed and discussed in detail to find suitable solutions for
designing a wide bandwidth and high Q factor Ku-band FBAR. The estimation
of material damping coefficients (a and ) using the Akhieser approximation is
carried out to estimate more accurate values of the coefficients, thus a more
realistic value of the Q factor will be achieved. CoventorWare ® 2010 is used as

the simulation tool and MemMech Analyzer is chosen as the solver.

Chapter 6 presents the optimisation and analysis of the proposed Ku-band Film
Bulk Acoustic Wave Resonator (FBAR). The results of the optimisation are
summarised and compared with other FBARs from the survey. This chapter
also presents the design of a Ku-band FBAR filter implemented with the
optimised Ku-band FBAR. This Ku-band FBAR filter will be characterised with
respect to bandwidth at -3 dB (BIW.up), insertion loss (I1) and out-of-band (OoB)
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rejection. The performance of the designed Ku-band FBAR filter is compared to
the Ku-band FBAR filter designed using the 1-D modelling in Chapter 4.
Finally, the results from the analysis are presented along with comparisons

from the literature survey.

Chapter 7 concludes the thesis and presents the major outcomes of this
research. This chapter also discusses the limitations, assumptions and future

work of this research.
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CHAPTER 2 : LITERATURE REVIEW

2.1 Introduction

This chapter presents the literature review of Ku-band applications in wireless
communications systems. Various types of Ku-band transceivers are discussed.
The major issue of Ku-band transceivers is their large size and heavy due to
discrete components such as filters and other separately located modules. This
chapter also explores the various types of Ku-band filters that have been
implemented in Ku-band transceivers and points out the advantages and
disadvantages of the current integration and implementation of these Ku-band
filters. Radio frequency (RF) components using microelectromechanical systems
(MEMS) technology are reviewed. FBAR filters operating at lower frequencies,
which are widely used in wireless communications applications, are reviewed.
In addition, different types of FBARs and FBAR filters along with their

associated design methodologies are discussed.

2.2 Mobile and Wireless Communication Bands

The demand for more channels and wider bandwidths is increasing as the
volume of wireless communication of data and video grows. The conventional
frequency bands (below 6 GHz) are already congested, thus driving research to
microwave and millimetre-wave frequencies. To satisfy this demand, the
development of microwave communication systems at frequencies higher than
10 GHz using satellite systems is important. One of the frequency bands that is
of interest to researchers is Ku-band due to its wide frequency range. The
microwave frequency bands according to IEEE Standard 521 [5] are shown in

Table 2.1. According to the standard, Ku-band ranges from 12 GHz to 18 GHz.

10
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Table 2.1 Microwave Frequency Band

Designation Frequency Wavelength
HF 3 -30 MHz 100 m -10 m
VHF 30 - 300 MHz I0m-1m
UHF 300 - 1000 MHz 100 cm - 30 cm
L Band 1-2GHz 30 cm - 15 cm
S Band 2-4GHz 15cm -7.5cm
C Band 4 -8 GHz 7.5 cm - 3.75 cm
X Band 8-12GHz 3.75cm -25cm
Ku Band 12 -18 GHz 25 cm -1.67 cm
K Band 18 - 27 GHz 1.67 cm -1.11 cm
Ka Band 27 -40 GHz 1.11cm - 0.75 cm
V Band 40 - 75 GHz 75 mm - 4.0 mm
W Band 75 -110 GHz 4.0 mm - 2.7 mm
mm Band 110 - 300 GHz 2.7 mm - 1.0 mm

Transceiver systems working in a Ku-band frequency range of 12-18 GHz are
primarily used for satellite communications and radars, including digital video
broadcasting-satellites (DVB-S), very small aperture terminals (VSAT), snow-
covering monitoring, weather forecasts, and airborne scatterometers [6-18]. The
era of satellite communications began in the early 1960s after the first launch of
communications satellites such as Telstar and Relay in 1962, Syncom in 1963,
and INTELSAT 1 and MOLNIYA 1 in 1965 [9]. Since then, the applications of
satellite communications are rapidly growing. Most of the satellite systems
operating in C-band are already congested, and hence, the applications have
been expanding to Ku-band and K-band due to their large available
bandwidths [19]. The next section will discuss various transceiver architectures

which operating in Ku-band.

2.3 Ku-band Transceiver Architectures

Ku-band transceiver architectures and transceiver specifications vary with with
the various applications for which they are designed. An overview of Ku-band
transceivers and their specifications is discussed in this section. Different types
of transceiver architectures have been used in Ku-band including the

11
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superheterodyne architecture, up-conversion architecture, direct conversion
architecture, low IF architecture, band-pass sampling radio architecture and

software-defined radio architecture.

A typical Ku-band transceiver consists of a low-noise amplifier (LNA), power
amplifier (PA), voltage-controlled oscillator (VCO), local oscillator (LO),
upconveter, downconverter, intermediate frequency (IF), low pass filters (LPF),
bandpass filters (BPF), mixer and diplexer as presented in Figure 2.1. This
typical transceiver is widely employed in the outdoor unit (ODU) for VSAT and
other Ku-band applications. The specifications of the ODU are summarised in

Table 2.2.

Upconverter PA

LPF —~I> H BPF I

Antenna
IF o Switch Diplexer —
(o]
Downconverter LNA
L<I— LPF H M BPF I
VCO(,,
Tuning Voltage

Figure 2.1 Typical Ku-band Transceiver Architecture [9]
In this architecture, the transmitter performs the modulation, up-conversion

and power amplification. From the reference in [9], it is clearly shown that the

transceiver has separately located modules and the VCO and filters are off-chip
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which contributes to the large size of the transceiver. Hence, components with

better integration are needed to overcome this drawback.

Table 2.2 The Front-End Ku-band ODU Specification [6, 20]

Frequency | Input | Output Gai Noise | 1dB Spurio
ain | ..
Band Power | Power (dB) Figure | compre us
(GHz) (dBm) | (Watt) (dB) ssion | Output
Receiv 10.95-11.7 . 27 -15
or 11.7-122 | 0 (min) | 0.5-5 | 45-55 (max) dBm -
12.25-12.75 (min)
Trans 1545 | TW (-1, -45 dBc
mitter 14.0-14.5 (IF) +2 dB) i i (max)
IF 0.9-14

Figure 2.2 shows the Ku-band retrodirective radar transceiver that is employed
in military operations for the detection and tracking of sniper rifle bullets and
other ballistic projectiles that work at 122 GHz. This transceiver has

implemented the standard heterodyne RF front-end architecture.

LVDS Comms
to Master FPGA

Slave FPGA

LPF LPF

]

Booster

DRO LO
122 GHz

Figure 2.2 Ku-band Radar Transceiver [10]
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The system carries out the entire signal processing digitally by using the field-
programmable gate array (FPGA) due to the requirement of the fast preserving
correlations and the need for flexibility with the pseudorandom noise (PRN)
sequence and its length. This transceiver has a NF of ~2.0 dB and a gain of 60
dB. In this study [10], this transceiver has separately located modules and the
VCO and filters are off-chip. Again, this results in a transceiver with a large
size. Therefore, the replacement of the components with better integration is

needed to overcome the disadvantage.

Figure 2.3 shows the front-end of the transceiver that works in Ku-band. This
transceiver is implemented the superheterodyne architecture. The specifications
of this transceiver are summarised in Table 2.3. In the research, the multi-layer
low temperature co-fired ceramic (LTCC) technology was applied to overcome
the large size issue. Yet, components with better integration are still needed

such as an RF MEMS component that is compatible with other standard IC

technology.
antenna
DAC Mixer
> 10 X x =X
LNA PA
river
7Q
3dB Divider
LO
antenna
Driver
ADC Drive LN.
EI/Q % % % — Limiter
Mixer

Figure 2.3 Front-End of Ku-band Transceiver [21]
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Table 2.3 Specifications of Ku-band Transceiver Front-End [21]

Input Output | Input | Output . Reject
Gain | NF .
Frequency | Frequency | Power | Power (dB) | (dB) ion
(GHz) (GHz) (dBm) | (dBm) (dBc)
Receiver 15.5+0.5 0.8+0.5 <-10 - >25 | £55 -
Transmitter | 0.8+0.5 15.5+0.5 0 =27 =27 - =35
IF LO frequency: 14.7 GHz
Output power: 19 dBm

Cost, area and power consumption are the key performance factors in such
transceiver systems. The system-on-chip (SOC) is one of the alternatives to
achieve a smaller transceiver. In this method, all the blocks of a transceiver are
integrated on a chip. The drawbacks of this method are the long design time
due to integration complexities, high wafer fabrication costs, test costs, and
mixed-signal processing complexities requiring dozens of mask steps to
provide digital, RF, optical, and MEMS-based components and intellectual
property issues [22]. The system-in-package (SIP) approach is one integration
technology that simplifies the implementation of RF components into modules
using hybrid integration where the individual ICs are first packaged and then
stacked to form a 3-D circuit [22-23]. Both SOC and SIP provide major
opportunities in both miniaturisation and integration; however, they are limited
by the CMOS process. The study in [24] successfully presented the integration
of FBAR bandpass filters with LNA and mixers by using SIP for a WCDMA

receiver.

Another method of integration is the systems-on-package (SOP) method. SOP
technology is CMOS compatible as it uses CMOS-based silicon, which is good
for transistor integration and digital integration by means of an IC-package-
system co-design. By using this method, the passive and active components can
be integrated on a chip as shown in Figure 2.4. The multi-layer LTCC
technology is a suitable substrate to be used for SOP to achieve a small
transceiver [25]. The LTCC has the advantage of high quality, low loss and high
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dielectric constant. Therefore, the implementation of LTCC and SOP are capable
of overcoming the issues of cost, area and power consumption by integrating all
components on one board. The literature shows that most of these transceivers
are relatively large and heavy due to use of discrete components such as filters

[1, 21, 26]. In the next section, the filters in Ku-band transceiver systems will be

discussed.

3. Optical Integration 8.sIP 10. Thermal 9.80C  5.Assembly Integration
+ Waveguides + 3-Dstacked Ics * Spraycooling < CMOS + Interconnecis:

« Detectors * Packaged ICs + SiGe - Pbfree

*Lasers + (GaAs - ECA

« Grelings / - Nano-structured

- Nano interconnects
+ Undeffill
« UBM

RFIIC

Composite Substrate

Low CTE High modulus
\

6. Mixed Signal 1. Mixed Signal 4. Mixed Signal 2.RF Integration 1. Digital Integration
Test Reliability Design *RLC « Conduclors
« Digital + Digital + Oplical + Antennas * Insulators
+ Oplical . F\'Fq + Digital + Filters * DecouplingC
*RF + Oplical *RF « Swilches « Wiring redistnibution
» Mixed signal (BIST) « Assembly « Mixed signal * Resonators * Microvias
+ Wafertest and Burn-In < Interface interfaces

Figure 2.4 SOP Concept for System Integration of Thin film Components [22]

2.4 Filters in Ku-band Transceiver Systems

Filters play an important role in Ku-band transceiver applications. Various Ku-
band filters are reported in the literature using different designs and
manufacturing methods such as defected ground structure (DGS), inter-digital

structure, coupled line filters, coupled stripline filters, coplanar waveguide
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(CPW) and others, as in [12, 21, 27-31]. This section reviews the advantages and

the drawbacks each of these filters.

The Ku-band tunable filter utilising a cavity resonator in [27] has shown
excellent performance with insertion loss as low as -0.1 dB and return loss of -15
dB. However, the drawbacks of this filter are its large area size of up to
0.75x0.05 inch and complex manufacturing process thus miniaturisation is
impossible and its manufacturing cost is high. A switched filter bank in [28]
was designed by using two single-pole triple throw (SP3T) MEMS switches and
three fixed three-pole end-coupled bandpass filters. The filters have centre
frequencies of 14.9 GHz, 16.2 GHz and 17.8 GHz with fractional bandwidths of
7.7 £2.9%. These filters were fabricated in a microstrip with 2 pm gold line on a
250 pm alumina substrate to reduce the insertion loss that results in high
manufacturing cost. The overall size of the switched filter bank is 15.4x6.7 mm?.
The size of this filter can be reduced if the fixed end-coupled bandpass filters
are replaced with a filter that fabricates the use of MEMS technology. The study
in [29] presented the seven-pole filter based on dielectric resonators operating at
a centre frequency of 13 GHz. Even though it has an excellent return loss (-80
dB) and insertion loss of -2.0 dB, the size of this filter is 65x38 mm?2, which is
relatively large. In [30], a bulk micromachined tunable dual-mode bandpass
tilter employing CPW and coplanar stripline (CPS) square-ring resonators was
developed. This filter has shown a good insertion loss (-0.5 dB) and return loss
(-15 dB) with size of 2x2 mm? and MEMS technology compatibility. However,
the bandwidth is less than 1 GHz, which is not wide enough for Ku-band

transceivers such as the one designed in [21].

The bandpass filter designed in [12] was implemented in a coupled stripline
tilter topology on a multi-layer LTCC substrate to suppress the LO signal at 13

GHz and image signal at 12 GHz as well as to suppress the harmonics and
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spurious signals. This filter has a size of 5.5x3.8 mm? including the CPW pads
which is considered compact, according to the study. However, it is believed
that if the filter is replaced by a MEMS filter, a smaller filter can be achieved.
Research in [21] developed the DGS and interdigital filters on a multi-layer
LTCC substrate. Two types of Ku-band filters were used which have centre
frequency of 15.5 GHz and 14.7 GHz. The filter operates at the centre frequency
of 15.5 GHz is used to select the frequency band implemented with the
interdigital filter. The insertion loss reported is -1.5 dB from 14.9 GHz to 16.1
GHz, return loss of -15 dB in the passband and a bandwidth of 1.2 GHz. The
filter operating at the centre frequency of 14.7 GHz is used for filtering the LO
signal implemented with the DGS structure. The insertion loss reported is -2.0
dB and return loss of -20 dB from 14.9 GHz to 16.1 GHz. Even though these
filters have shown reasonably good characteristics, a filter with a better
integration method is needed to improve the integration so that it is compatible
with standard IC manufacturing. The study in [31] showed the differential Ku-
band filter working at 12 GHz. This filter was smaller in size compared to the
other filters explained previously. However, a filter with better integration
method is needed to improve the integration and reduce the manufacturing

cost.

Table 2.4 shows a summary of the filters discussed along with their
performance for comparison. These filters have been integrated using the LTCC
technology and have shown reasonably good performance in terms of insertion
loss, return loss and bandwidth. However, improvement in filter performance
and better integration methods with microwave monolithic integrated circuits
(MMIC) and standard complementary metal oxide semiconductor (CMOS)
technology is needed. Furthermore, these filters are still large. Therefore,
alternative technology such as radio frequency (RF) microelectromechanical

systems (MEMS) technology is needed to improve integration and reduce
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power consumption and size. There are different types of RF MEMS

components, which will be discussed in the next section.

Table 2.4 Various Types of Ku-band Filters

Ref Insertion | Return | Bandwid .
Type of Frequency Size
eren Filter (GHz) Loss Loss th (mm?)
ces (dB) (dB) (GHz)
[27] Cavity 11.95 (fo) -0.10 -15.0 0.52 --
[31] | Differential 12.0 (f) -4.0 -20.0 1.2 1.8x1.1
[29] | Dielectric 13.0 (o) -2.0 -80.0 0.19 65x38
14.527 (f.) -3.27 -29.61 1.1 5.5x3.8
14.329 (f.) -3.06 -27.82 1.1 5.5x3.8
[12] Coupled 14.229 (f.) -3.14 -21.91 1.1 5.5x3.8
stripline 14.130 (fo) -3.12 -18.97 1.1 5.5x3.8
14.225 (f.) -3.01 -20.34 1.0 5.5x3.8
: 14.9 (f) -1.0 -15.0 1.15
[2g] | Fixed f“cf' 16.2 (f) 11 -15.0 1.25 15.4x6.7
coupe 17.8 (f) 15 220.0 137
[21] | Interdigital 15.5 (fc) -1.5 -15.0 1.2 --
[30] CPW 17.0 (f) -0.5 -15.0 0.68 2.0x2.0

2.5 RF MEMS Components

Microelectromechanical systems (MEMS) is technology that can be defined as
miniaturised mechanical and electro-mechanical elements such as devices and
structures that are made using the techniques of microfabrication. The
dimensions of MEMS components are in a range from hundreds of nanometres
to hundreds of micrometres. The first MEMS device was the gold resonating
metal-oxide-semiconductor (MOS) transistor invented by H.C Natahanson in
1967. Since then, MEMS have grown to incorporate the pressure microsensor in
the 1970s; followed by the actuator, microlenses and accelerometers in the
1980s. RF devices, chemical sensors, micromirrors, antennas and gears were
developed during the 1990s. Later in the following decade, the medical
applications, the lab-on-chip (LoC), micro total analysis systems (uTAS), bio-
MEMS and NEMS devices developed [32].
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MEMS components have been implemented in RF and microwave applications
because RF MEMS technology has been proven to be one of the most valuable
technologies for low loss, low power consumption, higher linearity and higher
Q factor [33]. The RF MEMS technology has the advantages of compatibility
with CMOS technology and high voltage devices for a fully integrated system-
on-chip (SOC) [34]. There are various types of RF MEMS components such as
microswitches, tunable capacitors, micromachined inductors, micromachined
antennas, microtransmission lines, micromachined resonators including
micromechanical resonators, bulk acoustic wave (BAW) resonator and cavity
resonators [35-36]. In this recent study, the focus is only on resonators, which is
an important component that comprises the RF MEMS filter. RF MEMS filters
and resonators are widely employed in mobile phones, consumer electronic and
information technology (IT), and in WLAN and WPAN, while, cavity
resonators are implemented in satellite communications. It is expected that the
applications of BAW resonators will be extended to base stations, satellites and

military radio, which operate at frequencies higher than 10 GHz [36].

The transduction methods in resonators are generally based on the
electrothermal, magnetic, electrostatic and piezoelectric transductions. The most
common transduction techniques used are piezoelectric and electrostatic due to
their performance, manufacturability and power consumption. The clamped-
clamped beam resonator, free-free beam resonator, wine-glass disk resonator,
contour-mode disk resonator and hollow-disk ring resonator use the
electrostatic transduction method. These resonators have shown very high Q
factor ranges from 2000 to 156000 [37-39]. The drawback is the operating
frequency is limited to around 1.2 GHz. Resonators using the piezoelectric
transduction have shown better performance in terms of operating frequency.
Surface acoustic wave (SAW) and BAW resonators are the most common

resonator utilising the piezoelectric transduction. A previous study in [40]
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showed that the novel AIN piezoelectric NEMS resonator works from 5.2 GHz
to 9.9 GHz and has a Q factor of 202 to 700. In the study, the resonance
frequencies were obtained by piezoelectric excitation of nano-strips (500-1000
nm wide) of AIN in their contour-extensional mode of vibration. NEMS devices
are not scaled-down MEMS devices, but a quite different technology approach,
where new fabrication tools which using. New materials and structures are also
being investigated and implemented in NEMS devices such as carbon
nanotubes, nanowires and organic composites [41-44]. SAW and BAW
resonators operating at frequencies from 1 GHz to 3 GHz were reported in [45-
50]. Later in [51], BAW resonators working in 5 GHz to 20 GHz with a Q factor
from 208 to 900 based on AIN were reported. The next section will discuss the

types of acoustic resonators along with the advantages and drawbacks in detail.

2.6 Acoustic Wave Resonator

Acoustic microresonators are enabling the reduction in size and power
consumption of mobile radio equipment and sensing systems [32]. These
devices experience acoustic wave propagation and vibrate at resonance
frequencies related to their dimension and mechanical configuration, when
driven under the appropriate conditions. There are two types of acoustic
devices, which are surface acoustic wave (SAW) and bulk acoustic wave
(BAW). In SAW, the acoustic wave propagates parallel to the piezoelectric slab
in the interdigital transducer (IDT) along the surface of the resonator [46, 52].
The drawbacks of SAW resonators are that the achievable operating frequency
is limited to around 3 GHz due to the separation of each finger in the IDT. A
second drawback is that SAW resonators are usually manufactured on a LiTaO3
or LiNbO;, which is not compatible with standard integrated circuit (IC)
processes [53-54]. The comparison of the main characteristics of SAW and BAW
resonators is presented in Table 2.5. Given the advantages of the BAW

resonator, this work will focus on this type of resonator.
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Table 2.5 Comparison of SAW and BAW Technology

Characteristics SAW BAW
Frequency range up to 3 GHz up to 30 GHz
Power handling ~31 dBm ~36 dBm
Efer?lﬁzii?,ﬂe Coefficient of 45 ppm/°C 220 ppm/°C
Quality (Q) factor ~700at2 GHz | ~2000 at 2 GHz
Compatibility with IC process No Yes

2.6.1 Typesof BAW

The BAW resonator is the core element of BAW technology. The BAW

resonators are categorised according to the mechanism that confines the

acoustic wave in the resonator structure. There are two different types of BAW

resonators: film bulk acoustic wave resonators (FBAR) and solidly mounted

resonators (SMR). The operation and physical principles of both resonators are

identical. The only difference is the fabrication technology used to confine the

acoustic wave as shown in Figure 2.5. In FBAR, the confining is done by the air-

gap cavity while for SMR, it is achieved through a Bragg reflector [55-56]. In

this study, only FBAR will be discussed.

| Top Electrode |

Piezoelectric

Bottom Electrode

Substrate Substrate

(a)

Top Electrode

Piezoelectric

Bottom Electrode

l-iragg reflector

Substrate

(b)

Figure 2.5 Layer Configurations for FBAR (a) and SMR (b)
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In FBAR, the air/crystal interface on both faces of the resonator ensures the
main mode of interest is appropriately trapped [57]. The resonators are
surrounded by air by means of micromachining techniques. The most common
techniques employed to form the air-gap of FBARs are shown in Figure 2.6. In
the first technique, as shown in Figure 2.6 (a), the cavity is formed and filled
with a thick sacrificial layer. Then the substrate is polished to obtain a smooth
surface by using chemical mechanical polishing technology. Next, the bottom
electrode, piezoelectric film and the top electrode are each stacked and

patterned. Finally, the cavity is formed by etching the sacrificial layer.

The second technique is the vertical via-hole type as shown in Figure 2.6 (b).
Using this technique, the FBAR is fabricated without any sacrificial layer. A
vertical via-hole is fabricated by etching a silicon substrate from the backside
using deep-reactive ion etching (RIE) technology [58]. In this structure, the
whole resonator is suspended by itself in the air, achieving a Q factor of

between three and five times that achieved when using a sacrificial layer [59].

The third technique is called the bridge type as shown in Figure 2.6 (c). Using
this technique, the FBAR is formed on a flat substrate and does not need a
cavity. A thick sacrificial layer is used to ensure that there is distance between
the bottom electrode and the substrate. The drawback of this technique is the
etching time. For a small device, the risk of damage is higher due to excessive
etching time. The silicon dioxide (S5iOz) layer is used to cover the sacrificial layer
during wafer processing and as a support layer of the laminated structure. In
this recent study, the cavity type is chosen as the technique to fabricate the
FBAR.
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Top electrode

Air gap
Bottom electrode

(a) Cavity Type (b) Via-Hole Type

Top electrode

AIN

Bottom electrode
~—-_._______-

Si0, —

(c) Bridge Type

Air gap

Figure 2.6 Conventional FBAR Structures [55]

2.6.2 Piezoelectric Materials

The most common piezoelectric materials used for development of BAW are
aluminium nitride (AIN) and zinc oxide (ZnO) [60-63]. FBARs based on lead
zirconate titanate (PZT) and cadmium sulphide (CdS) [64-65] are also found in
the literature. CdS has low acoustic impedance and an electromechanical
coupling coefficient (~2.4%). PZT has good performance in terms of the
electromechanical coupling coefficient (k%p ) values of 19.8%, but has high
intrinsic losses at high frequencies [63]. Thus, PZT is mostly used for low-
frequency BAW devices or applications that do not require a high Q factor [15].
For higher frequency applications, ZnO and AIN are the most suitable
piezoelectric materials. The physical properties of these materials are shown in
Table 2.6. These materials have the same hexagonal wurtzite structure.
Although the coupling coefficient of ZnO is higher than AIN, AIN is superior to

ZnO due to its moderate mechanical coupling factor, higher acoustic velocity
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and higher Q value. This makes AIN suitable to fabricate bulk acoustic wave
(BAW) resonators/filters in several gigahertzes (GHz). Furthermore, AIN is
compatible with CMOS technology and more easily manufactured compared to

ZnO [15, 66].

Table 2.6 Physical Properties of Piezoelectric Materials [15, 67]

Properties AIN ZnO
Piezoelectric coupling coefficient, k% (%) 6.5 8.5
Dielectric constant, &, 9.5 9.2
Acoustic velocity, vr (m/s) 11050 6350
Piezoelectric coefficient, ds3 (10-12C/N) 5.6 12.4
Young Modulus (101N /m?) 3.94 2.11
Thermal conductance (W/mK) 280 60
Thermal expansion (10-¢/K) 415 2.92
Density, p (kg/m?3) 3260 5680
Intrinsic material losses Very low Low
CMOS compatibility Yes No
Deposition rate High Medium

2.6.3 Electrode

Most FBAR applications require metal electrodes that have high acoustic
stiffness, high acoustic impedance, low electrical resistance, compatibility with
standard manufacturing techniques and a suitable surface to align the
piezoelectric layer [15]. Conventionally, aluminium (Al), platinum (Pt),
tungsten (W) and Titanium (Ti) are used as electrode materials [49, 68-69]. All
have good electrical conductivity but poor acoustic characteristics because its
acoustic impedance is low, which implies a low electromechanical coupling
coefficient and thus limits the attainable bandwidth [15]. The disadvantage of
using Pt and W in a high frequency FBAR filter is due to their high-mass
density which lowers the series frequency value because of the mass loading
effect [49]. Other material has been investigated such as gold (Au) [48-49] that

has shown a good performance, however, this results in higher costs.
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To overcome the issues of high cost and poor performance, molybdenum (Mo)
and ruthenium (Ru) have recently been used due to their low resistivity, high
acoustic impedance and low density [70-72]. Ru has a higher acoustic
impedance of 86.3 MPa/m?s than Mo, which has an acoustic impedance of 68.5
MPa/m?2s. This makes Ru the most suitable electrode material for FBARs in

frequencies higher than 10 GHz.

2.6.4 FBARs in Different Frequency Ranges

FBARs operating at frequencies 1 GHz to 3 GHz have been widely employed in
mobile phone transceiver systems [61, 70, 73-76]. FBARs working at 5 GHz also
have been implemented in WLAN systems [58, 62, 77-78]. Further studies in
[79-81] have shown FBARs operating at frequencies ranging from 10 GHz to 20
GHz. The FBARs in [58, 78] have similar resonance frequencies which are 5.17
GHz and 5.21 GHz. In both studies, AIN was employed as the piezoelectric
material, however in [58], aluminium was used as the electrodes while in [78],
Ru/Ta was used as the top electrode and molybdenum as the bottom electrode.
k2. of 7.0% achieved in [78] is higher than k2. achieved in [58], which is 6.4%. It
is also shown that the bandwidth of the study in [58] is lower than the
bandwidth in [78], which are 0.14 GHz and 0.26 GHz, respectively. However,
the Q factor obtained in [58] is around three times higher than in [78], which are
913 and 329, respectively. The relationship between k%f and the Q factor has
been presented in detail in [49, 82] that shows that improving one of these
parameters can cause the decrease of the other. Therefore, the optimisation of
both parameters by one figure of merit (FOM) is needed. The k% and Q factor
of FBAR resonators determines the bandwidth and the efficiency of energy
conversion from electrical to mechanical energy in an FBAR filter, respectively
[49, 83]. It is also mentioned in [49] that a lower value of K% leads to a high
insertion loss and a higher value of Q leads to lower insertion loss in filter

applications.
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k2. has been shown to have achieved ranges from 6.0% to 6.4% at X-band to K-
band using AIN and Ru [4, 72, 79, 81]. High k2. can be achieved with the right
choice of materials for piezoelectric and electrode layers. From Figure 2.7 (a), it
is shown that there are various combinations of piezoelectric and electrode
thicknesses to achieve the required resonance frequency. Figure 2.7 (b) shows
the technique to enhance the k%g of the FBARs using different electrode
materials [79]. It is shown that a higher k%, can be achieved when the thickness

ratio of electrode to piezoelectric material is optimal.
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Figure 2.7 Relationship Between the Frequency Bands, Piezoelectric Film
Thickness, Electrode Thickness and kZ.s0f FBARs [79]

The literature also shows that the piezoelectric layer is thicker at lower
frequency. Therefore, the Q factor is higher at lower frequency due to low
acoustic loss. A high Q factor FBAR at frequencies higher than 10 GHz can be
realised with the right choice of piezoelectric material as well as the electrode
materials. Piezoelectric material with high acoustic velocity such as AIN and
electrode material with high acoustic impedance such as Mo and Ru are

excellent materials that can improve the characteristics of the FBAR.
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There are few studies on different geometrical parameters and shape of the
electrodes [64, 84-85] to improve the performance of the FBAR. In [53],
piezoelectric material and electrodes with an ellipse shape were used to
minimise stress to avoid cracking during fabrication due to the very thin (in
hundreds nm) thickness of the layers. The study in [74] developed an FBAR
with different top electrode shapes, square and circular. The circular shape
electrode showed a higher k%gand Q factor compared to an FBAR with a square
shape. The study suggested that this was due to less energy loss in the edge of
the top electrode with the circular shape. The relationship between both kZand
the Q factor with the geometrical parameter of the FBAR was discussed in [75].
It shows that the ratio of the surface and perimeter (A/p) of the FBAR has a
significant effect on these parameters. An FBAR with low A/p resulted in
reduced kZf and Q factor. The FBARs discussed are summarised in Table 2.7

along with their performance for comparison.

Table 2.7 Comparison of FBARs

Reference PZE fs (GHz) | f,(GHz) | K2 (%) | BW (GHz) Q
[79] AIN 19.8 19.998 6.25 0.198 189
[81] AIN 9.025 9.3 6.40 0.225 247
[80] AIN 5.08 5.24 6.20 0.16 900

AIN 9.30 9.60 6.30 0.30 330
AIN 13.75 14.25 6.00 0.50 300
[78] AIN 5.21 5.47 7.00 0.26 329
[58] AIN 517 5.31 6.40 0.14 913
[62] ZnO 5.10 5.25 4.70 0.15 700
ZnO 4.80 4.95 6.70 0.15 1000
[70] AIN 3.69 3.71 1.06 0.02 1557
[76] ZnO 2.36 2.38 1.55 0.02 65
[61] AIN 2.18 2.19 1.50 0.01 332
[74] AIN 1.85 1.91 6.59 0.06 1911
[73] ZnO 1.06 1.09 6.90 0.03 386
1.10 1.13 7.84 0.03 159
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The reviews suggest that FBARs based on AIN show better performance at
frequencies higher than 5 GHz due to their higher acoustic velocity compared
to ZnO. Another advantage of FBAR technology using AIN is its CMOS
compatibility and its better temperature coefficient of frequency (TCF). FBARs
based on AIN have gained wide-ranging popularity in filters but it can also be
employed in other applications such as sensors [86-87], oscillators [88-89] and
diplexers [90-91]. However, the FBARs designed are not in a suitable band, and
have less k., narrow bandwidth and a low Q factor. Hence, there is a need for
this research in novel FBAR design that operates in 15 GHz to 16 GHz range
with wide bandwidth, high k2 and a suitable Q factor with the least size for a

high level of integration in filter designs.

2.7 Filters based on FBAR

FBAR filters can be classified according to the main coupling categories [92]:
electrically connected resonators, such as ladder and lattice topologies (see
Figure 2.8 (a) and Figure 2.8 (b)) and acoustically connected resonators, such as
the stacked crystal filter (SCF) and coupled resonator filter (CRF) as shown in
Figure 2.9 (a) and Figure 2.9 (b). The overview of the characteristics of these

tilters will be discussed, along with their advantages and disadvantages.
Ladder Filter Lattice Filter

Al <l

o e O I |:| I
(@) (b)
Figure 2.8 Electrically Coupled FBAR Filter Configurations [93]
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Stacked Crystal Coupled Resonator Filter

Piezoelectric Piezoelectric

Ground Plane
Electrodes

(@) (b)
Figure 2.9 Acoustically Coupled FBAR Filter Configurations [93]

2,71 Ladder Filters

The ladder-type filter topology comprises series and shunt FBARs connected
consecutively as shown in Figure 2.8 (a) [93]. This type of filter gives a steep
roll-off and its high selectivity consumes fewer FBARs. The drawback, on the
other hand, is that this filter has poor out-of-band (OoB) rejection due to the
natural capacitor voltage divider [59]. Improvement of the OoB rejection
requires increasing the order of the filter [28, 94], however, this requires a trade-
off with respect to the in-band insertion loss (IL) [95]. In [66], the achievable
relative bandwidth is given as BW(%) ~ k%g/2 in terms of the effective
electromechanical coupling coefficient. Reasonable bandwidth can be obtained
by adjusting the resonance frequency of the shunt resonator to be slightly lower

than the series resonator.

Various works on ladder-type FBAR filters based on zinc oxide (ZnO) and
aluminium nitride (AIN) operating in the GHz frequency range can be found as
early as in 1990s [16, 96-97]. For example, the work in [96] presented the 6t
order ladder-type filter based on ZnO that achieved I. around 4.0 dB, OoB
rejection of 100 dB and centre frequency of 1.1 GHz. In [97], the ladder-type
filter based on AIN is discussed. Various filter structures have been

implemented such as a 3/2, which is composed with three series FBARs and
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two shunt FBARs, 4/3 (four series FBARs and three shunt FBARs) and 6/6 (six
series FBARs and six shunt FBARs) for GPS applications. An Ir. of 6.8 dB, OoB
rejection higher than 40 dB and centre frequency at 1.48 GHz has been achieved
by 6/6 structure. Later in [63], the relation between the order of the filter order

(N), the I and the OoB rejection is shown with experimental results.

Ladder-type FBAR filters working at frequencies higher than 1 GHz can be
found in [98-100]. In [101], the 5/3 ladder-type filter has I of 4 dB, OoB rejection
of 24 dB at frequency 5.2 GHz. The work in [102] has been designed for WLAN
applications from 5.15 GHz-5.35 GHz. The I, achieved is 2 dB and OoB rejection
of 48 dB. All the applications at frequencies of less than 6 GHz require
bandwidths from 60 MHz to 200 MHz. FBAR filters operate in several ten
gigahertz as has been reported in [4, 79, 81]. While much research has been
done on FBAR filters in a frequency higher than 10 GHz, the applications of this

filter at frequencies higher than 10 GHz are still scarce.

2.7.2 Lattice Filters

The basic configuration of a lattice filter is shown in Figure 2.8 (b). Lattice filters
are characterised by the balanced input and output and the normal pole-zero
response of a resonator is suppressed to give a more conventional multi-pole
response. Unlike the ladder-type filters, lattice-type filters give a better OoB
rejection due to the equal number of series and cross capacitors, which cancel
the voltage across the two pairs of FBARs. However, this type of filter is not
capable of performing the balanced to unbalanced conversion if these are

required [103].

2.7.3 Stacked Crystal Filters
The configuration of stacked crystal filters (SCF) is presented in Figure 2.9 (a),

which consists of two stacked FBARs with the central electrodes electrically
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grounded. With this type of filter, the FBARs are strongly coupled so that the
structure acts as a single resonator. This topology presents a complex frequency
response, for which different resonances occur at multiples of the frequency
due to corresponding half wavelength across the whole structure [104]. The
response of this filter is improved by using SMR on the limited bandwidth
reflector array. However, this causes a narrowing of the obtainable bandwidths

of the filter.

2.74 Coupled Resonator Filters

The limitation of SCF narrow bandwidth is overcome by reducing the coupling
between the vertically disposed resonators. This results in a new filter topology,
which is a couple resonator filter (CRF). The general configuration of CRF is
depicted in Figure 2.9 (b) where the structure consists of a pair of FBARs that
are acoustically coupled by means of a set of coupling layers. The filter
bandwidth is controlled by the coupling layers. Unlike the SCF, the response of
the CRF clearly shows two different poles. The CRF is designed so that the
bandwidth is determined by the degree of coupling between the resonators and

not by the inherent bandwidth of the coupling mechanism [104].

The FBAR filters discussed are summarised in Table 2.8 along with their
performance for comparison. Although there are advantages and disadvantages
of these filter types, the topologies of the filter depend on the applications. The
ladder-type is chosen as the topology to design the FBAR filter in this current
research due to its excellent performance and a lower number of resonators is
required. Furthermore, the interconnect technique is straightforward and easy
to implement. The reviews also suggest that FBAR filters discussed in Table 2.8
are smaller compared to the other types of filters discussed in Table 2.4.
Therefore, FBAR filters are more suitable for integration to reduce cost and size

of transceivers.
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Table 2.8 Comparison of Ladder-Type FBAR Filter

Centre Insertion | Out-of- | Bandwi

ReCf::en Topology | Frequency Loss Band dth (rilrzni)
(GHz) (dB) (GHz) (GHz)
29.2 -3.8 -11 0.99
4] Ladder 23.8 3.8 13 0.80 “
[79] Ladder 19.8 -4.1 -18 0.39 --
[81] Ladder 9.08 -1.7 -21 0.27 --
[102] Ladder 5.30 -2.8 -30 0.16 0.7x0.6
[101] Ladder 5.2 -2.0 -24 0.17 --
2.45 2.4 -40 0.08
991 | Ladder 2.14 23 -40 0.06 "
[104] CRF 2.14 -0.42 -40 0.03 2.06 x 104
[98] Ladder 2.05 -2.75 -20.40 0.05 --
[79] Ladder 2.15 -0.1 -15 0.06 --
[103] SCF 1.34 -4.5 - 0.02 2.5x3.7
CRF 1.95 -2.8 - 0.06 0.75x0.55
[16] Ladder 1.50 -1.5 -40 - -
1.50 -4.0 -20 0.06
[63] | Ladder 1.50 -6.5 135 0.12 -
[97] Ladder 1.48 -6.8 -40 0.05 -~
[96] Ladder 1.09 -0.6 -50 -

However, the FBAR filters reviewed are not in Ku-band and have very low
bandwidth. Therefore, there is a need to undertake research to design an FBAR-
based filter to achieve comparable performances in insertion loss and out-of-
band rejection but with wider bandwidth and much reduced size to improve

integration capability.

2.8 Ladder-Type FBAR Filter Design Methods

Most of the previous studies demonstrated the performance of the ladder-type
FBAR filter, based on the fabrication measurement results. Therefore, the
systematic design method for this type of filter was not specifically discussed.
The novel work of Menendez in [94] presented the closed-form expression for
the design of ladder-type filters that has shown very good agreement between

the transmission response and the designed ladder type filter for the GPS
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applications [73]. The work in [63] developed the ABCD matrix method to
calculate the S-parameters of the filter by using the chain parameters based on
the input electrical impedance (Zi;) of the FBAR. These methods will be

discussed in detail along with the equations in Chapter 3.

2.9 FBAR Design and Modelling

Modelling is a fundamental step in analysing the performance of an FBAR.
Several one-dimensional (1-D) models have been proposed in order to
characterise the electrical behaviour of the FBAR. The 1-D Mason model is
mainly used to represent the electrical behaviour of BAW resonators and has
been widely employed in work related to it [59, 95, 105-109]. The Krimholtz-
Leedom-Matthaei (KLM) and Butterworth Van Dyke (BVD) model also provide
a very good approach for characterising the electrical behaviour of the FBAR at
fundamental modes and higher harmonics [92, 110-113]. However, the presence
of spurious modes at the frequency of interest due to lateral waves cannot be
predicted by 1-D modelling, therefore, the three-dimensional (3-D) simulation

tool becomes important.

Commercial 3-D simulation tools for finite element modelling (FEM) analysis
such as ANSYS, CoventorWare and COMSOL Multiphysics are widely
employed [84, 114-116]. By using the 3-D simulation tools, more realistic
behaviour of the FBAR can be modelled and studied in greater detail.
Furthermore, the analytical formulation of a complex system can be reproduced
in FEM analysis. There are various types of physical domain analyses available
in most FEM tools, including electrostatic, magnetostatic, piezoelectric, thermal,
optic, fluidic and electromagnetic [32]. For example, in FEM analysis, damping
has been introduced to account for energy, which has dissipated from the

systems, a feature that is not available in 1-D analysis. The next section will
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discuss the different types of material damping along with the estimation of

each damping.

29.1 Material Damping

Damping is the dissipation of energy of a vibrating structure. Energy
dissipation within the material is attributed to a variety of mechanisms such as
thermoelasticity, grain boundary viscosity, or point-defect relaxation. Such
effects are generally called material damping [117]. Rayleigh damping is one of
the most popular damping forms implemented in FEM simulation tools. This
form of damping is a linear combination of the mass and stiffness matrices via

two negative scalar coefficients a and f as [118]:

[C]=a[M]+ B[K] 2.1
where [C] is the damping matrix of the physical system, [M] is the mass matrix
of the physical system and [K] is the stiffness of the physical system. Due to the
orthogonality properties of the mass and stiffness matrices, the equation can be

written as:

24,0, = a+ Pyt 2.2

where C is the damping ratio in coupled mode, w is the natural frequency of the

system.

The equation can be further simplified as:

The relation between the Q factor and Rayleigh damping coefficients is given in

the following expression which is valid at the resonance frequency [119]:
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1

= =24 Bo, 2.4

Q s
The mass proportional damping coefficient (1) can be estimated by using a few
approximations. As the system vibrates, the wave propagates through a solid;
the energy of the wave scatters, diffracts, couples to electron motion, and

attenuates. The attenuation in the material is categorised as follows [120]:

1
2

Thermoelastic attenuation

Akhieser attenuation (phonon-viscosity attenuation)

4
5

)
)
3) Electron-phonon interactions
) Coupling of electrons in a piezoelectric semiconductor
)

Attenuation due to imperfections in single crystals

According to the study in [120], the first two mechanisms, the thermoelastic
attenuation and Akhieser attenuation, are the most important in single crystals
at room temperature and both mechanisms produce attenuations, which
increase with the square of frequency since they are similar. The thermoelastic
and Akhieser mechanisms occur from the return to thermal equilibrium of the
crystal through interactions between ultrasonic phonons and the thermal
phonons which is due to the anharmonic of lattice vibrations. The following
sub-section presents a detailed explanation on both thermoelastic and Akhieser

attenuation.

29.1.1 Thermoelastic Attenuation

Thermoelastic attenuation occurs because of the irreversible heat transmission
from the compressed areas of a longitudinal wave to the expanded areas. The
calculation of the thermoelastic attenuation due to thermoelastic heat flow in a

medium is done with the assumption that Hooke’s Law is valid. Longitudinal
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wave propagation distorts the vibrating lattice cyclically. The heat flows
through conduction as the compression of the area results in increasing the
temperature. As a result, the compression amplitude decreases and an
attenuation of the wave occurs. At low frequencies, the effect is smaller than at
higher frequency due to the shorter wavelength. The relaxation attenuation is
found to go as @? up to a frequency where »7~1, beyond which the attenuation
is constant and valid at microwave frequency up to 100 GHz in solid state at

room temperature [120]. Generally, the frequency dependence is given as:

ot -
1+ a)272
where 71 is the thermal relaxation time.
For w?1?<<1, the attenuation is given as:
ad iso 2

¢y 2pCo®

where c11 is the element of the stiffness tensor, K is the thermal conductivity, p is
the mass density, C is the specific heat per unit volume and v is the longitudinal

acoustic velocity.

For an isotropic material, the attenuation is given as:

o 8.68w% B2KT (cyy +2¢, )

2.7

where f is the thermal expansion coefficient, T” is the temperature and c12 is the
stiffness. The attenuation is high in material with high thermal expansions and
thermal conductivity. In the study, the attenuation of ZnO is calculated to be

0.59 dB/cm at 1 GHz.
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2.9.1.2 Akhieser Attenuation

Akhieser is the most important attenuation mechanism involving phonon-
phonon scattering. Landau and Rumer discussed the attenuation for wt>1 and
Akhieser explained the attenuation for wr<<1. Later, Woodruff and Ehrenreich
modified Akhieser’s theory by including phonon gas. The results from

Woodruff and Ehrenreich for ©r<<1 are given as:

2. 21"
pv
and for or>1,
ﬂa)yZCT'
a=—"—-F— 2.9
4pv

where vy is the Gruneisen constant, K is the lattice thermal conductivity, T” is the
absolute temperature, p is the mass density, C is the specific heat per unit

volume and v is the longitudinal acoustic velocity.

As seen from equation 2.8, the attenuation goes as w? up and the lattice thermal
conductivity and the Gruneisen constant are included. This equation also fits
the experimental data fairly well, if all the quantities of the material are known
with adequate precision. The Gruneisen numbers for the longitudinal wave is
1.2 and 0.6 for shear wave as presented in [121]. The attenuation of AIN given in

[120] is 0.08 dB/cm at 1 GHz.

The value of the stiffness proportional damping coefficient (f) is estimated by

using the 1-D viscoelastic wave equation as explained in [122] given as:

C2(o>w/@? )+ ul plo*w/ae? )= (5°w/a?) 2.10
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where Co=\(Y/p) is the wave speed in the undamped material, Y is the material
elastic stiffness (Css), x4 is the material viscosity in a Maxwell model for
viscoeleastic response and w is the particle displacement in z-direction. This
equation can be written in the form w(z,tf)=Ae*?;* 19)z*jot where A is a constant

and results in

F1 211

w 1 y770; 2

Ao = 1+ =~

Cov2 |1+ (uar/Y Y
where A; is the real part that is referred to as the attenuation coefficient
characterise the damping and a measure of the decrease in amplitude of the
wave in distance while A, is related to the velocity at which the wave
propagates (w/A2). At frequencies higher than 1 GHz, the coefficient A; can be
approximated as A~(w2u\p)2Y32 yielding the approximate value of the

damping coefficient f in terms of material constant as
pmul¥ =2/ \¥70) 212

2.10 Conclusion

This chapter provided a review of Ku-band transceivers. The major issues of
Ku-band transceivers are their large size and heavy due to discrete components
such as filters and other sub-modules located on the same or different printed
circuit board (PCB). Various types of Ku-band filters that have been
implemented in Ku-band transceivers were discussed, as well as the advantages
and disadvantages of the current integration and implementation of these Ku-
band filters. It can be seen there are various types of Ku-band filters that have
been manufactured using a variety of manufacturing methods. These filters
have shown reasonably good performance but are quite large in size. Filters

based on FBARs with frequencies lower than 10 GHz have shown better
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performance, smaller size and widely used in current wireless communications
applications compared to other filters. FBARs are comparatively smaller in size
and are silicon, CMOS, silicon germanium (SiGe) technology compatible. In
terms of integration, FBAR is also compatible with LTCC technology, which has
been implemented in WiFi and WiMAX applications. Therefore, it is expected
that filters based on FBARs will replace these current Ku-band filters with the
same good performance. The FBARs designed in the studies reviewed are not in
a suitable band, and have lower kZg a narrow bandwidth and a low Q factor.
Hence, there is need for research in novel design to develop an FBAR, which
operates in the 15 GHz to 16 GHz range with wide bandwidth, high k?; and a
suitable Q factor with the smallest size for a high level of integration. As
mentioned in the literature, FBAR filters have been designed in X-band (10
GHz), K-band (20 GHz) and Ka-band (30 GHz). These FBAR filters are not in
Ku-band and have bandwidths of less than 1 GHz. Thus, this present study
seeks to address this gap by developing FBAR filters in Ku-Band to achieve
comparable performances in insertion loss and out-of-band rejection but with
wider bandwidth and a much reduced size to improve integration capability.
The target specifications for Ku-band FBAR filters are based on the
specifications in Table 2.3, where the operating frequencies are from 15 GHz to

16 GHz with centre frequency at 15.5 GHz.
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CHAPTER 3 : FILM BULK ACOUSTIC WAVE
RESONATOR (FBAR) FILTER

3.1 Introduction

This chapter presents a detailed discussion on the theory of film bulk acoustic
wave resonators (FBAR). The review includes an overview of piezoelectric and
acoustic propagation theory and contemplates the important characteristics of
FBARs such as quality (Q) factor and electromechanical coupling coefficient
(k%f). The design methodology of FBARs and FBAR filters using 1-dimensional
(1-D) and 3-dimensional (3-D) finite element methods (FEM) are also presented
in this chapter. The theory and important characteristics of ladder-type FBAR
filter such as insertion loss (Ir), out-of-band (OoB) rejection, and bandwidth
(BW) are discussed along with losses from piezoelectric material such as

thermoelastic damping and material.

3.2 Theory of Piezoelectric

Piezoelectricity means “pressing” electricity which is the link between electrical
and mechanical phenomena [107]. The piezoelectric thin films convert electrical
energy to mechanical energy and vice versa depending on the design and
application. This thin film is sandwiched between two electrodes where the
electric field is applied. The direct piezoelectric effect occurs when mechanical
stress is applied to piezoelectric materials; the crystalline structure produces a
voltage proportional to the stress. This phenomenon is shown in Figure 3.1. If
an external stress (F) is applied in the piezoelectric material, a voltage appears
between the electrodes due to deformation of the dipole. If the stress changes
from compressive to tensile, the voltage on the electrodes changes to the

opposite polarity.
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A converse piezoelectric effect occurs when an electric field is applied to the
material, an internal strain and deformation results if its boundaries are free to
move, as shown in Figure 3.1. If a voltage with opposite polarity is applied to
the electrodes, the piezoelectric material will contract but if the polarity of the
applied voltage is the same as the voltage pole, the piezoelectric materials will
expand and if alternating voltage is applied, the piezoelectric material will
alternately contract and expand. Within the methodological framework
underlying this thesis, the FBAR converts the electrical energy to acoustic

energy by applying a voltage to create wave propagation in the piezoelectric

material.
Original Shape Direct Piezoelectric Effect Converse Piezoelectric Effect
Poling Axis Compressive Stress Tensile Stress Expansion
: N Contraction
| + Tensile ompressive I -
tress Stress
P : P : P y -
/ v Y- |
- +
0 / - |+ !
‘ Polarisation ‘Output voltage of Output voltage of Applied voltage of Applied voltage of
Direction same polarity as opposite polarity same polarity as opposite polarity as
material as material material material

Figure 3.1 Piezoelectric Effect on Piezoelectric Materials [123]

3.2.1 Piezoelectric Constitutive Equations and Constants

The coupling between electrical polarisation and strain that occurs in
piezoelectric material generates acoustic waves electrically. The Christoffel
equation for piezoelectric classes developed in [107] shows the dependence of
piezoelectricity on the crystal orientation. It describes how mechanical stress
(T), strain (S), electric displacement (D) and electric fields (E) interact with each
other. There are four pairs of constitutive equations describing piezoelectric

materials which are given in the full tensor notation forms as below [107]:
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(a) Piezoelectric stress matrix (e-form)

Tij = Cija Skt — € Ex 3.1

S
Di :eiijjk _gij EJ

(b) Dielectric strain matrix (h-form)

Tij = Cija S — i Dy 3.2

Ei =—hij S +ﬁijs D;

(c) Piezoelectric strain matrix (d-form)

(d) Dielectric strain matrix (g-form)

Sij = Sij?(ITkI + Oij Dy 3.4

Ei =0 Tik JF