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Abstract

With mass proliferation of wireless communication technologies, there is a continuous
demand on fast data transmission rate and efficient use of frequency spectrum. As a result,
reconfigurable systems are of significant importance and research is being conducted in

numerous universities and scientific centers.

In this thesis, novel designs based on radio frequency micro-electro-mechanical systems
(RF MEMSY) that can lead to the reconfigurable wireless transceivers are proposed. By
utilizing the RF MEMS switches as a basic building block, this thesis focus on developing
a unique design technique for the design and development of RF MEMS delay line phase

shifter, frequency reconfigurable antennas and pattern reconfigurable antennas.

e Nano-electro-mechanical systems (NEMS) switches based 3-bit phase shifter was
designed and investigated. Problems like high insertion loss of the transmission
line, CPW bend phase error and impedance mismatch of the T-junction were
encountered during the design. The enlarged delay line, air bridges and a miter
step connector were employed to the design to overcome these drawbacks.

e Two types of slow wave structures are proposed and. The purpose of this work is
to further reduce the size and cost of existing microwave circuits. Especially for

the delay line type phase shifter I designed, the transmission line occupies most



of space on the substrate.

Two new RF MEMS-integrated millimeter-wave frequency reconfigurable
antenna is then proposed. The operation frequency of the antenna is switchable
between the millimeter wave 60 GHz WPAN band (57-66 GHz) and E-band (71-
86 GHz) by actuating of the RF MEMS switches employed on the driven and
director dipole elements.

A novel new type of RF MEMS-integrated millimeter-wave pattern
reconfigurable quasi-Yagi antenna is proposed. The E-plane radiation beam
direction is switchable between -15°, 0° and 15°by actuating of the RF MEMS
switches on the driven dipole and transition delay line elements. This design can
replace the bulky and complex phased array consists of phase shifting network
and multiple antenna configuration, while has the size same as a single fixed Yagi
antenna. A germanium very low conductivity biasing configuration is used for
antenna design for the first time. The germanium lines are invisible to the antenna
at 60 GHz therefore guarantees the excellent radiation performance.

A full seven-mask all metal fabrication process of the RF MEMS integrated
reconfigurable antenna is proposed and optimized based on the equipment
provided in the Australian National Fabrication Facility (ANFF) labs located in

the University of New South Wales.
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CHAPTER 1

INTRODUCTION

1.1. MOTIVATION

Over the last three decades, wireless technologies are being increasingly used in our daily
lives. The market of wireless products has shown a surprisingly growth. Today mobile
devices such as mobile phones process not only voice but also digital data packets and
GPS signals. With the explosion of high speed data transmission, wireless components
have to handle multiple frequency bands as well as provide special diversity for multi
input and multi output signals depending of the situations. A conventional approach is to
utilize multiple transceivers in one device. However, this approach increases the cost, size,
and power consumption, so these devices mostly have a shorter battery life. A more
preferable approach is the reconfigurable wireless communication systems with
multifunctional capabilities. This solution not only increases the bandwidth, reduce the
noise, but also allows the device to operate with arbitrary network protocols which unveils
the potential of wireless technologies, most importantly lower manufacturing costs.
However, to facilitate such wireless communications devices, new technologies and
fabrication processes for circuits, devices and components, as well as the development of

new materials are required.



A key component to enable reconfigurable wireless communication devices is a switch.
It is a component to connect or disconnect different circuits within a reconfigurable
system. Currently, there are two dominating categories for wireless communication
switches. They are the mechanical switches and the semiconductor switches. The most
common types of mechanical switches are coaxial type and waveguide type. They offer
very low insertion loss at ON state (connected) and very high isolation at OFF state
(disconnected). These switches can handle very high power as well. However, the mostly
known drawback of this type of switches is their bulky physical sizes and heavy weight.
Also, being mechanical switches, they inherently have relatively slow switching speed.
The most well-known semiconductor switches are the FET switches and PIN diodes.
They offer very high switching speed, small physical size and lower weight. But because
of their switching mechanism where switching is done by generating and choking
electrical channels, they usually have much higher insertion loss and DC power
dissipation. Also because of this reason, their OFF state isolation is very limited and

power handling is generally poor.

Micro-electro-mechanical systems, a completely new type of switch is becoming no
longer a far-fetched idea but a real opportunity due to the mature of CMOS fabrication
technologies. MEMS switches have both the advantages of mechanical and
semiconductor switches. MEMS switches are small in size and weight, low in cost and

provide good radio frequency (RF) performance. These switches exhibit high linearity
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with higher operational bandwidth as compared to the existing standard technology.
Major application for RF MEMS switches include mobile communications, test

equipment, telecom infrastructures, aerospace and defense.

Phase shifter is an essential component found in microwave and millimeter-wave
communication, radar and phased array antennas. Currently, the phase shifters are based
on PIN diodes, ferrite materials or FET switches. The advantage of PIN diode phase
shifters is that they provides low loss in the device, but consume more power than FET
switches. The FET-based shifter can be built on the same substrate with the amplifiers,
thereby reducing the assembly cost. The ferrite device can handle high RF power while
offering excellent performance, but they are very expensive to fabricate and consume a
relatively high DC power than the other two types of phase shifter. So that the role of
MEMS switches in phase shifter designs can be immediately seen. MEMS switches result
in considerable reduction in the DC power and lower loss. Since MEMS switches can be
fabricated directly with antenna on ceramic, quartz or silicon wafers, they lead to a low

cost phased array.

With mass proliferation of wireless communication technologies, reconfigurable antennas
have received much attention since they can offer the diversity in radiation pattern,
polarization, and operating frequency spectrum. In particular, pattern reconfigurable

antennas can maneuver away from the noisy environment, improve security, and save the

3



power, all by pointing the radiation beam toward the specific customers. These hallmarks
used to be achieved with phased antenna arrays, which consume more surface area on a
monolithic microwave integrated circuit (MMIC) and are complex to employ. Another
important member of reconfigurable antenna family is frequency reconfigurable antenna.
It allows one antenna being shared for multiple high data-rate wireless services.
Frequency tunable antenna has been reported to serve several wireless communications
air interfaces using varactor diodes. However, very little research work has been reported

on the design of millimeter wave frequency reconfigurable antenna.



1.2. OBJECTIVES

The purpose of this research is to develop RF MEMS based reconfigurable wireless

systems. By utilizing the RF MEMS switches as a basic building block, this thesis focus

on developing a unique design technique for the design and development of RF MEMS
delay line phase shifter, frequency reconfigurable antennas and pattern reconfigurable
antenna. This thesis work is divided into four tasks:

1. Investigation and development of nano-electro-mechanical systems (NEMS) based 3-
bit phase shifter. Analyzing the slow wave structure to discover the potential of
reducing the size of delay line phase shifter.

2. Development of two novel frequency reconfigurable antennas to compete with
broadband and multi-band antennas.

3. Investigation of microstrip-to-coplanar striplines (CPS) transition balun used for
antennas to explain the inherent phase delay of this type of structure. Development of
pattern reconfigurable antenna that exhibits excellent RF performance, compact size
and switchable end-fire radiation pattern with the goal to replacing existing phased
array antennas.

4. Development of full seven masks all metal fabrication process of the RF MEMS
integrated reconfigurable antennas. The fabrication processes are optimized based on

Australian National Fabrication Facility (ANFF) New South Wales node’s equipment.



1.3. THESIS OUTLINE

The motivation and research objectives are outlined in chapter 1. Chapter 2 provides a
brief review of mechanical and semiconductor switches. This chapter also presents an
overview of existing RF MEMS switches and the theory behind them. In addition, a
literature survey on RF MEMS phase shifter and reconfigurable antennas are illustrated.
Chapter 3 gives a design approach of RF MEMS phase shifter. A 3-bit NEMS delay line
type phase shifter has been demonstrated. After that two types of slow wave structure
units and branch-line coupler based on them are presented. Chapter 4 presents two new
design of millimeter wave frequency reconfigurable antennas using RF MEMS switches
to change their working spectrum between WPAN band and E-band. Chapter 5 discusses
the discovery found from the microstrip-to-CPS transition study, which has led to a new
type of pattern reconfigurable antenna employing RF MEMS to realize the
reconfigurability. In addition, a RHCP pattern reconfigurable spiral antenna is
demonstrated using PIN diode technology. A seven-mask all metal MEMS integrated
reconfigurable antenna fabrication process is detailed in Chapter 6. Chapter 7 summarizes

the contribution of the thesis and proposes future works.



CHAPTER 2

BACKGROUND AND LITERATURE SURVEY

2.1. OVERVIEW

A review of RF switches is discussed at the beginning of this chapter. Conventional
switches can be divided into two categories of mechanical and semiconductor switches.
The advantages and shortcomings of these two types of RF switches are discussed and
then some commercial switches and application examples are provided. An overview of
MEMS technology is introduced. RF MEMS switches operation principle and RF MEMS
switches types are then provided in detail. A brief literature survey on existing phase
shifters and 60 GHz spectrum follows. Reconfigurable antennas along with the developed

structures are then reviewed in the last part of this chapter.

2.2 CONVENTIONAL RF AND MICROWAVE SWITCHES

Communication systems involves radio frequency components to be utilized in high
frequency applications. A very common device in the telecommunication networks is a
RF switch. Applications include phase shifters, impedance tuning networks, tunable

amplifiers and switch matrices. Switch is the sole device that encompass the entire



spectrum of the electromagnetic wave, from a few hertz up to microwave and millimeter
wave spectrum. Switches typically have two states: ON and OFF. These two states
generates totally different effects to electrical circuits. RF switches can be integrated in
series or shunt configuration depending on the utilization. In the series configuration these
switches use to connect (ON) or break (OFF) a transmission line and in shunt
configuration they either pass a signal or short it to ground. The evaluation of RF switches
depends on many factors but critical factors like insertion loss and isolation are the most
important ones because they determine the overall RF performance of the whole system.
Another important factor is power consumption of the switches. Especially for mobile
communication, people prefer to leave the charging cable behind so the battery is the only
source to provide the power. With high power consumption, the size of the portable device
gets larger due to the enlarged battery size. In the case of satellite, the only energy source
available is from a solar cell which has limited output. In the following section,
conventional RF switches are reviewed while their advantages and limitations are also

presented.

2.2.1. MECHANICAL SWITCHES

A mechanical switch is a switch that achieves switching by mechanically connecting or
breaking a signal path. It can be controlled either electronically or mechanically. A typical
method to control RF mechanical switches is to apply different electrical signal using

electromagnetic relays. However, in latching switches, the switches remain in a pre-
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selected position until state changes. This configuration must be pulse controlled with a
pulse duration of 20ms to 100ms. Mechanical switches exist in many different forms. The
most common form is a single-pole double-throw switch (SP2T) which has one input port
and two selectable output ports. A multi-position switch is a switch that has one input
ports and more than two selectable output ports. They are generally called single-pole,
multi-throw or single-pole, N-throw switches or in short, SPMT or SPNT. Another
common type of mechanical switch is the transfer switch. It has two independent paths

that operate simultaneously in one of two selectable positions.

Figure 2.1 shows schematics of a typical SP2T and a transfer switch [1]. Figure 2.2 (a-b)
shows a commercially available product of coaxial switch from Narda Microwave, L-3
Communications Corporation and DowKey Microwave Corporation [2-3]. Coaxial
switch uses electromagnetic relays for switching operation. Power is applied to the
actuation coils to change the states by moving the arm. The RF coaxial switch has a
maximum switching speed of 15ms. Typical RF mechanical switches have very good RF
characteristics. They can offer better than 0.5 dB insertion loss and 60 dB isolation at
below 18 GHz [1]. Figure 2.2 (c-d) represent a waveguide switch from DowKey [1, 4-5].
Switching is done by rotating the waveguide from its normal position to the desired ports.
Waveguide switches could be controlled manually or electronically with electrical signal
applied on relays or motors. Waveguide switches generally offer very low insertion loss

of 0.1 dB and a very high isolation of 60 dB at 18 GHz [4].

9



Power Input
Terminals

IYTYTTTL

b ]
1]
| +

/

7

IN

-

-m)—Q-OI

z
o

N.C.

(@ (b)
Figure 2.1. Schematics of (a) a SP2T switch and (b) a transfer switch [1].
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Figure 2.2. Pictures of mechanical switches, (a) (b) coaxial switches [5] and (c) (d) a waveguide switch [4].

Important characteristics of mechanical switches are that they offer superior RF
performance and very good power handling capabilities. They are capable of carrying

signal power up to kW range. The shortcomings of these switches are relatively slow
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switching speed, typically in the order of millisecond [6], very heavy weight and bulky

size as can be seen in figure 2.2.

2.2.2. SEMICONDUCTOR SWITCHES

Mechanical switches are not suitable for applications require high speed switching. For
those tasks of fast switching semiconductor or solid state switches are preferred.
Semiconductor switches includes field-effect transistors (FET) and PIN diodes.
Semiconductor switches are fabricated with gallium arsenide (GaAs) and silicon
germanium (SiGe) for over 1 GHz utilizations. They are small in size and have much
faster switching speed than mechanical switches. However, their RF characteristics and

power handling capability is inferior when compared to mechanical switches.

The most common electronic switch is the PIN diode. PIN diodes can be employed in
series or shunt configuration. They achieve low insertion loss in series design while
provides high isolation in shunt design. The basic principle behind these devices is that
they behavior as resistors or capacitors under different biases for an RF signal. Under zero
or reverse bias, a PIN diode acts as a capacitor and will not pass much of an RF signal;
while under forward bias, the channel of the diode changes from capacitive to resistive.
A typical PIN diode will have a resistance of around 1€, which makes it a good RF
conductor. Figure 2.3 shows the PIN diode switch configuration in series and shunt

designs.
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Figure 2.3. PIN diode configured as (a) a series switch and (b) a shunt switch.

A major disadvantage of PIN diodes is that they consume DC power during ON state
(forward bias). In applications such as mobile and satellite communications, where low
power consumption is a critical criterion, they are replaced by FETs. FET switches are
used as they consume little power. A FET switch is three terminal device in which gate
voltage acts as the control signal as shown in figure 2.4. Other than the input and output
ports (source and drain), it has a gate input to control its status. Due to that the control
gate of a FET switch is not coupled with the source and drain, no bias network is required
to separate the bias signal from the RF. A FET is turned ON when the gate voltage is
greater than the pinch off voltage. Similar to PIN diodes, FETs are not perfect switches
as they do not have perfect ON-OFF. FETs have a finite on resistance when conducting
and has a finite off capacitance. Just like PIN diodes, FET switches can also be designed
in series or shunt configuration. In both cases the FET can be turned ON or OFF by tuning

the gate voltage. Figure 2.4 shows the FET switch in series and shunt configurations.
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Figure 2.4. FET configured as (a) a series switch and (b) a shunt switch.

Typical FET has RF performance of 0.7-1.2dB insertion loss, 30dB isolation and 45 dBm
IIP3 at 2.5 GHz. The drawback of FET switches is that they have low power handling
capability while compared to PIN diodes [7]. The semiconductor switches can be
manufactured in a hybrid integrated circuit or in Monolithic Microwave Integrated
Circuitry (MMIC) circuits using different techniques as soldering or wire bonding. These
approaches do not have any attached discrete component thus reduce losses. The
advantages of MMIC technology are low manufacturing cost, compact size, simple
package and better reliability. Figure 2.5 shows PIN diode and FET switches and switch

matrix using above techniques.
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Figure 2.5. Semiconductor switches and switch matrices by different companies [1, 3, 8-10].

2.3. MEMS OVERVIEW

Micro-electro-mechanical Systems (MEMS) are also known as Microsystems
Technology (MST) or micromachines. MEMS generally relate to micro-scale systems.
MEMS are a combination of electrical and mechanical components on one substrate by
using the microfabrication technology [11]. MEMS have competitive advantages such as
good performance in terms of loss, isolation, linearity and power consumption. These
type of devices are potential substitution of currently used semiconductor circuits. MEMS
fabrication process are compatible with integrated circuits (IC) batch processing
technique so their costs are reasonable for mass production. MEMS technology possess
a number of distinct features. For example, they are miniature embedded systems which

enable higher level functions and often integrate smaller functions together into one
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package for greater utility. They can also be cost effective through low unit pricing [12].
MEMS adopt significant parts from the IC technology which builds structures on silicon
wafer with multilayer thin films of materials patterned using photolithographic methods.
MEMS technology utilize basic process steps of deposition, lithography and etching [13].
The fast development of MEMS has led to many systems on chip and smart systems. An
example of lab-on-a-chip includes the combined vacuum and shear driven system on a
chip layout [14]. Smart systems are those circuits can gather the information (sensing),
process it and implement the gathered information (computing) and affect through an
actuator (actuating) [15]. While researchers have investigated MEMS like devices for the
last three decades, Richard P. Feynman first predicted the development of micro scale
devices in a lecture entitled ““ There’s plenty of room at the bottom” in 1959 [16]. Many
processes for deposition, patterning and etching were developed with the evolvement of
IC industry in 1960s and 1970s. While physical properties like mass and area were

significantly reduced, other properties like stress in thin films became significant.

Intense researches have been carried out during last two decades and the first MEMS
structure as a simple sensor was fabricated. Since then MEMS have proven to be
applicable in all areas of engineering systems such as microfluid, optical, bio-medical and

microwave (Figure 2.6).
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Figure 2.6. MEMS applications

2.4. RFMEMS

The term RF MEMS refer to the design and fabrication of MEMS for radio frequency
integrated circuits [22]. The goal of RF MEMS is to extend the device benefits all the
way to the system level to acquire unprecedented system performance [23]. There are two
methods RF MEMS designers used to enhance the system performance. They are top-
down and bottom-up design. In the top-down approach, devices and structures are made
using many of the same techniques as used in MEMS except they are made smaller in
size, usually by employing more advanced photolithography and etching methods.
Designers develop new system level architectures as shown in [24-25]. The bottom-up

approach typically involves deposition, growing, or self-assembly technologies.
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2.5. RFMEMS SWITCHES

MEMS have been studied over the past few decades. Recently, MEMS technology has
been utilized to fabricate RF switches. RF MEMS switches combine the advantages of
both mechanical and semiconductor switches. RF MEMS switches are small in size, light
in weight and offer very good RF performance. RF MEMS switches can also provide
extremely low DC power consumption with certain actuation mechanism. Electrostatic
actuation is the most commonly used actuation method. One reason is that it offers

virtually zero power consumption as there is no DC current flowing.

Table 2.1. Electrical performance comparison of FETs, PIN diodes and RF MEMS electrostatic switches [26]

a: Includes voltage up converter or drive circuitry; b: Capacitive switch only

Table 2.1 shows a summary between different switch technologies. Note that only

electrostatic actuated MEMS switches are considered in the table. Ideally, MEMS,
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mechanical and FET switches do not consume DC power. However, because of their
operation mechanisms, voltage converters are occasionally used in RF MEMS,
mechanical and drive circuit in FET. The power consumption of these supporting circuits

must be taken into account.

It is expected that manufacturing cost of MEMS switch fabrication can be driven down
by mass production similar to PIN diode and FET switches. By comparing different
technologies, MEMS based switches seem very promising and could possibly represent
the replacement technology. Primary areas of concern for current researchers are
reliability and packaging. For RF MEMS switches the reliability issue is improving
steadily as stiction issues are being resolved with new release techniques. On the other
hand, packaging has a significant impact on the system performance as moisture and dust
can cause RF MEMS switch failure. Therefore a smart packaging solution is required for

the good performance.

2.5.1. TYPES OF RF MEMS SWITCHES

RF MEMS switches can be classified in many different ways. They could be categorized
in six classes based on their main attributes. These are: the actuation mechanism, switch
movement direction, contact type, circuit configuration beam type and beam location.

Table 2.2 summarized these characteristics in each attribute.
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Table 2.2. MEMS switch type classification.

Currently, there are four main actuation mechanisms that are used for RF MEMS switches.
These are the electrostatic, thermal, magnetostatic and piezoelectric actuations. Each of
these exhibits different advantages and are suitable for different applications or situations.
Electrostatic actuation is the most common technique. Same as the piezoelectric actuation,
these two mechanism virtually consume no DC power. They are mostly used in power
limited situations. They are relatively fast switches with switching speed in the range of
a few to hundreds of microsecond. Thermal and magnetostatic types of MEMS switches
only require very low actuation voltage. This is beneficial when integrating with solid
state circuits as the voltage range is quite similar so no additional bias network is needed.
However, as DC current is required for actuation, switching speed of these switches are

usually slow. They could be ranging from hundreds of microsecond to a few milliseconds.
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MEMS switches could be grouped by their moving direction. Depending on fabrication
processes, MEMS switches can be designed to move vertically out of plane (small size)

or laterally (large size).

Contact type is another criterion of grouping. RF MEMS switch could be of metal-to-
metal (resistive) contact or capacitive contact. The only difference between the two is
whether or not a direct metal-to-metal contact exists between the beam and the
transmission line when the switches are actuated. In general, resistive metal-to-metal
contact is chosen when wide band operation is essential (from DC to high frequency).
This type of contact could be designed with very high isolation at low frequency as
contact area could be customized to achieve the desired isolation. A capacitive contact is
not functional at low frequency so they are chosen when low spectrum is not necessary.
This type of contact usually allows much lower insertion loss at higher frequency because

they do not suffer from the contact resistance exists in a metal-to-metal contact.

MEMS switches, like other switches, can be grouped by circuit configuration. MEMS
can be configured as a series or a shunt switches. In a series configuration, MEMS
switches are used to connect or break an RF signal path. While in a shunt configuration,
they are used to either pass RF signals between input and output ports or to short the

signals to ground.
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RF MEMS switches can be cantilever beam or fix-fix membrane (beam) switches as
shown in figure 2.7. A cantilever beam is a beam that is anchored on one side and is free
to move on the other side. A fixed-fixed beam is a beam that is anchored on both sides of
the beam and the beam can only move in the center. If both a cantilever beam and a fixed-
fixed beam have the same dimensions, a cantilever beam would have a much smaller

spring constant.

@ (b)

© )
Figure 2.7. Schematic view of cantilever type RF MEMS switch (a) OFF state (b) ON state and fixed-fixed type
switch (c) OFF state (d) ON state

The last type of grouping is the beam location. Again, this is a unique switch classification
used only in mechanical switches. This type uses the beam location or direction relative
to the single path. If the switch is in the same direction of the signal path, it is called an

inline switch. If the direction is perpendicular, it is called a broadside switch.
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2.5.2. ELECTROSTATIC ACTUATION RF MEMS SWITCHES

Up to date, electrostatic actuation is the most used and well established technique. This
type of switches have relatively simple fabrication processes and spend nearly zero DC
power. A good number of works has been reported on the development of electrostatic
actuation RF MEMS switches [22, 26]. The most common type of electrostatic MEMS
switch is of cantilever type. It has a vertical movement, metal-to-metal contact with series
circuit configuration. A typical example is the Northeastern University MEMS switch
developed by the Northeastern University and the Analog Devices [27]. This switch has
a thick electroplated gold cantilever of 7 - 9 um and 75 pm long by 25 - 30 um wide beam
dimension. The beam is suspended 0.6 - 1.2 um above the pull-down electrode as shown
in figure 2.8. Due to the thick and short beam design, the cantilever has a very high spring
constant of greater than 100 N/m. The cantilever does not touch the electrode when the
switch is actuated due to stiffness. As the result, no dielectric is needed for isolating the

beam and the electrode.
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Figure 2.8. SEM of The Northeastern University MEMS inline DC-contact series switch

The Lincoln laboratory inline DC-contact MEMS series switch is presented in figure 2.9

[28]. This switch features a curled cantilever arm with the purpose to increase the isolation
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when the switch is at the OFF state. In order to reduce the coupling in the electrode, it is
fabricated using very high resistance material. Due to the large gap between the contacts
(10 - 15 pum), this switch gives a very high off state isolation. Also because of the curled
beam, the switch has a very small dimension. This switch has a reported actuation voltage

of 80 V. It offers a very fast switching time of less than 1 ps thanks to the small size (50

x 50 umz) and large actuation voltage.

o

Figure 2.9. SEM of Lincoln Laboratory inline DC-contact MEMS series switch

Fixed-fixed beams are also widely employed in RF MEMS switches. A good example is
the Rockwell Scientific DC-contact MEMS series switch as shown in figure 2.10 [29].
The switch is fabricated on GaAs substrate by surface micromachining and has a
membrane that is connected to the substrate on four anchor points through a folded
cantilever arms. The membrane is a 1 - 2 pm silicon dioxide layer. The top electrodes are
two thin gold rectangles that are fabricated over this membrane. Micro-sized holes are
distributed across the membrane to release sacrificial layer as well as to reduce film

damping. Pull-down electrodes are located right under the top electrodes. The entire
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switch is suspended 2 — 2.5 um above the substrate. Two pairs of metal contacts are placed

under the membrane right above the opened transmission line as shown

AccV Magn F————1 100um

Figure 2.10. SEM of the Rockwell Scientific MEMS series switch [29].

While the most dominate electrostatic MEMS switches are designed to be inline, a
number of publications are reported with a broadside configuration [30-34]. One good
example is the Hughes Research Laboratories series MEMS switch as shown in figure
2.11 [32]. As can be seen in the photo, instead of an inline configuration, the switch is
aligned to the broadside. This switch initiate a three layer beam as shown in figure 2.11
(b). The top electrode consist of an electroplated gold layer of 2.2 - 2.5 pum thick
sandwiched by two silicon nitride layers. The two nitride layers are used to isolate the top
electrode from contacting the bottom electrode and for stress balance purposes. The tip
of the cantilever consists of gold-alloy contacts. When the switch is actuated, the contacts
complete the transmission line and allow RF signal to pass. In general, broadside switches
have larger dimensions than inline counterparts. But for the longer beams and larger

actuation areas, they can offer much smaller actuation voltage. Although the switching

24



speed suffers. In the case of the HRL DC-contact MEMS series switch, the report

actuation voltage is 30 - 40 V and the switching speed is only 30 ps.

Nitridey (a)
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contacts
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Substrate Pull-down / Metal

clectrode contacts
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Figure 2.11. (a) SEM of HRL MEMS switch and (b), (c) cross section of the switch [32].

To further reduce the actuation voltage, the push-pull technique (also called the seesaw
configuration) is introduced to fabricate RF MEMS switches [33-34]. Figure 2.12 shows
two MEMS switches using the push-pull technique with two actuation electrodes. In the

example demonstrated by Hah in [33], a push pull switch is reported to have pull-down

voltage of 3 - 14 V.

Pull-down
clectrodq g

Torsional
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(@ (b)
Figure 2.12. SEM photos of push-pull MEMS series switches reported by (a) Hah [33] and (b) Chiao [34].
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Although most of RF-MEMS switches have a beam fixed to the substrate with at least
one anchor, the switch reported in [35] has a freely move beam. This is beneficial to the
actuation voltage because the beam does not have to overcome elastic deformation during
actuation whereas one end fixed switches have. Therefore, a freely movable beam only
requires an electrostatic force to overcome the gravitational and fractional forces. As
figure 2.13 shows, when voltage is applied between the electrode and the movable contact
pad, the contact pad can move vertically without experiencing deformation. As a result,
this switch achieved a very low actuation voltage of 5 V which is compatible with CMOS
IC technology unlike most other RF MEMS switches where a voltage converter is a
necessity. Also, thanks to the freely movable beam, the switching speed is very high. The

reported switch speed is 0.12 ps and 0.13 ps for turning the switch on and off respectively.

(@) (b)
Figure 2.13. (a) SEM photo and (b) 3D model of the freely move RF MEMS switch [35].

Other than series switches, capacitive type switches or shunt switches also important type
of MEMS switches. As mentioned previously, a series switch is used to open or short
input and output ports by disconnecting or connecting transmission lines respectively.
Shunt switch is used to either pass RF signal between input and output ports or short it to

ground. Both of them are best suited in different frequency range. The most well-known
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shunt switches: Texas Instruments switch, the Raytheon shunt switch and the University

of Michigan low-voltage MEMS shunt switch are shown in figure 2.14 [36-37].
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(b)
Figure 2.14. SEM photos of (a) Raytheon MEMS capacitive shunt switch [36] and (b) the University of

Michigan low-voltage MEMS shunt switch [37].

2.5.3. THERMAL ACTUATION BASED RF MEMS SWITCHES

Electrostatic RF MEMS switches are easy to fabricate and consume virtually zero DC
power. However, to achieve large displacement; researchers are also working on the
thermally actuated RF MEMS switches. Thermal expansion amplification is the
mechanism for thermal actuation RF MEMS switches generate motion. A small amount
of thermal expansion in one part of the device leads to a larger amount of expansion in
whole device. Beside their advantages, thermally actuated RF MEMS switches are not
commonly used in many applications because of their higher DC power consumption.
Most reported thermally actuated RF MEMS devices are fabricated using the MUMPs

fabrication process provided by the MEMSCap [38].
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Different types of thermal actuators have been fabricated. Figure 2.15 shows a V-shaped
thermal actuator fabricated by Sandia Labs [39]. The V-shape thermal actuators are
commonly referred as “chevron” or “bent-beam” thermal actuators. These thermal
actuators are mostly used in applications requiring high force and reliability. The switch
actuated when current is passing through the legs of the actuator. The current can generate
Joule heat on these legs which lead to a constrained thermal expansion. This results in

motion of the center shuttle as shown by the arrow in the figure 2.15.

Al H A‘I"

Figure 2.15. V-shaped thermal actuator for on-chip in-plane high-force linear-motion actuation [39]

A number of bent beam thermal actuation based RF MEMS switches have been presented
in [40-42]. Figure 2.16 shows the buckled beam thermally actuated RF MEMS switch
developed by UPC Barcelona Tech. Spain [40]. The switch was fabricated by using
PolyMUMPs process and contains a resistive beam anchored at both ends. The beam have
a bend in the center making thermal expansion stresses applied in the angled direction.

The amount of deflection depends on the level of power applied.
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(@ (b)
Figure 2.16. The buckle-beam thermal MEMS switch from UPC-Barcelona Tech. (a) schematic layout indicate
the motion and (b) SEM photo of series switch

A bent beam electro thermal actuator developed by University of Wisconsin, USA [41].
The cascaded thermal actuators were fabricated by depositing three materials: polysilicon,
Ni plated beam and boron doped single crystal silicon beam. The thermal actuators

achieved a static displacement of 10um with a power dissipation of 100mW.

As an alternative to high DC power consumption, the University of Alberta developed
thermally actuated latching RF MEMS switch is shown in Figure 2.17 [42]. The device
was fabricated using metal MUMPs process. Two thermal actuators were used in this
design connecting to two separated center conductors of CPW transmission lines. The
switch operates with short pulses of either low voltage or low current, remaining in steady
state with zero DC power consumption. However, due to the intrinsic property of thermal
actuators as they require time to heat up and expansion, they cannot be used when high
switching speed is necessary. In general, thermal actuators can only operate with
millisecond switching speed. In the latching mechanism where multiple operations are
needed, switching speed could increase to seconds which greatly restrict its use in selected

applications.
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(@) (b)
Fig. 2.17. (a) Schematic layout (b) SEM photo of University of Alberta thermal actuation latching MEMS
switch [42]

2.5.4. MAGNETIC ACTUATION BASED RF MEMS SWITCHES

Magnetic actuation based RF MEMS is a MEMS device that bases on magnetic actuators.
Generally permanent external magnetic field or permalloy materials are necessary. There
are limited publications related to this topic including the Jiaotong University bi-stable
MEMS switch and the Korea Advanced Institute of Science and Technology KAIST RF
MEMS switch actuated by combination of electromagnetic and electrostatic forces [43].
Figure 2.18 shows the Jiaotong University bi-stable MEMS switch. The switch is built
based on CPW transmission line structure. The actuator consists of a beam fixed at the
center by torsional springs with permanent magnets and the coils for magnetic actuation.
Different magnetic forces are generated according to the current flowing in coil. The
cantilever is then moved from one stable state to another. Due to the necessity of a
permanent magnet, fabrication is complex and stress in different layers has to be taken
good care of. Because of the complexity of the fabricated, no mechanical and RF

performance results are reported to date.
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(2) (b)
Fig. 2.18. (a) Schematic layout and (b) SEM photo of Jiaotong University bi-stable MEMS switch [43]

The KAIST RF MEMS switch is a more mature design where external magnetic field is
used instead of using fabricated permanent magnet on chip [44]. Like the Jiaotong
University’s design, coils are employed to generate magnetic fields to interact with the
external field to result in a magnetic force. Instead of the bi-stable design demonstrated,
this design shown in figure 2.19 used electrostatic force to hold the switch in position. A
voltage of 2 V with 53 mA current for magnetic actuation and a hold voltage of 3.7 V for
electrostatic actuation is reported. This switch demonstrates the capability of lowering
applied voltage by combining of electromagnetic and electrostatic actuation mechanism.
The only shortcoming of this design is the actuation speed. The reported switching time

1s 380 ps which is much higher than electrostatic actuation alone.

Holding
Electrode
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Fig. 2.19. (a) Schematic layout and (b) SEM photo of KAIST RF MEMS switch [44]

31



University of Michigan reported a push pull SPDT switch design after above two [45].
The switch actuates by the electromagnetic force and holds its position by electrostatic
force. The actuation was done by using the external magnetic field. As can be seen in
figure 2.20, the switch structure composes of only one symmetric membrane and it rotated
along a torsion bar which always connected one of the output ports to the input port. Small
amount of power is consumed only during the electromagnetic actuation for a short time.
While in holding position the switch utilizes electrostatic mode which consumed
negligible power. The switch was fabricated on glass substrate with electroplated Au
layers. The switch reported actuation voltage was less than 4.3V with a 166 million life

cycle.

Figure 2.20. SEM photo of SPDT RF MEMS switch fabricated by University of Michigan [45]
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2.5.5. PIEZOELECTRIC ACTUATION BASED RF MEMS SWITCHES

Piezoelectric actuators make use of the piezoelectric effect in materials that exhibit
piezoelectricity. Piezoelectric effect is a phenomenon in which an electric field or electric
potential is generated when materials experience stress. In piezoelectric actuator, the
reverse piezoelectric effect is used where stress is controlled by applied voltage.
Piezoelectric actuation generally requires very small voltage (typically below 5 V)
compared to electrostatic actuation. It also does not inherent the charging effects in
electrostatic designs. However, there is very limited work reported on RF MEMS using
piezoelectric actuator, due to the difficulty and complexity of fabricating piezoelectric
materials. Some reported papers include the LG piezoelectrically actuated DC-contact
series switch [46] and the piezoelectric switch reported by Polcawich et al. in [47] as

shown in figure 2.21.

(@)

33



(b)
Figure 2.21. Piezoelectric actuation RF MEMS switch developed by (a) LG [46] and (b) by Polcawich et. al [47]

Both switches were fabricated with very similar fabrication techniques, where both
surface and bulk micromachining were used. Both switches had their beams fabricated
under a gap between input and output of transmission line. The major difference between
the two designs was the use of elastic layers to introduce stress on the beams. The reported
actuation voltage is as low as 2.5V while achieved a comparable RF performance to
electrostatic MEMS switches. The piezoelectric actuation mechanism seems ideal, but it
has its own problems. Thermal instability and oscillation during actuation remain as key
challenges. Also the piezoelectric film has aging problems [48-49] which could be a

major problem when lifetime is important.
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2.6. RFMEMS PHASE SHIFTER

Phase shifter is an essential component found in microwave and millimeter-wave
communication, radar and phased array antennas. The main reason why conventional
MMIC technology is used was because of the demand to miniaturize phase shifters so
that they could be easily integrated into compact phased array antenna systems. Currently,
the phase shifters are based on PIN diodes, ferrite materials or FET switches. The
advantage of PIN diode phase shifters is that they provides low loss in the device, but
consume more power than FET switches. The FET-based shifter can be built on the same
substrate with the amplifiers, thereby reducing the assembly cost. The ferrite device can
handle high RF power while offering excellent performance, but they are very expensive
to fabricate and consume a relatively high DC power than the other two types of phase
shifter. So that the role of MEMS switches in phase shifter designs can be immediately
seen. MEMS switches result in considerable reduction in the DC power and lower loss.
Since MEMS switches can be fabricated directly with antenna on ceramic, quartz or

silicon wafers, they lead to a low cost phased array [26].

There are many different technologies that can be used to implement a phase shifter such
as switched-line, reflection topology, loaded-line, and switched-filter [50]. Switch line
type is one of the easiest way to implement a digital phase shifter, which have one or more

cascaded stages of switched delay lines, with two switches per stage. Reflection topology
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have a one or more cascaded directional couplers, reflection terminations with either
lumped- or distributed-elements and single-pole multiple-throw switches, so this type of
phase shifter has a relatively small operation bandwidth. Loaded line shifter is to load a
transmission line with two different capacitive membrane SPST switches for phase delay
and always use a midsection matching network, this topology have excellent performance
for small phase delay. Switched filter type phase shifter has cascaded stages of low-pass
and high-pass filters that are switched using either two SPDT switches per stage or a

DPDT switch between stages.

2.6.1. RF MEMS SWITCHED-LINE PHASE SHIFTER

A flurry of papers on RF MEMS digital switched delay line shifter has been reported.
Hayden et al. reported a 2- and 3-bit distributed phase shifter constructed based on
coplanar waveguide [51]. The design uses distributed MEMS transmission line loaded
with high capacitance varactors which are fabricated using a series combination of
MEMS bridges and fixed value metal-insulator-metal (MIM) capacitors. The fabricated
device achieved a true time delay from 1 to 10 GHz with a reflection coefficient smaller
than -15 dB and a 180 degree per dB of insertion loss at 8-10 GHz. One advantage of this
design is the performance of the device is relatively insensitive to the MEMS capacitance
ratio and the fabrication procedure. Tan et al. demonstrated a 2-bit and 4-bit true time
delay networks fabricated on 8 mil GaAs substrate [52]. This semi-lumped approach

employing microstrip transmission line and MIM capacitors for both reduce circuit size
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and avoid the high insertion loss found in typical structures. The 2-bit phase shifter has
an average insertion loss of 0.7 dB at 9.45 GHz with an associated phase error of +1.3°.
This shifter measured to work over 6 - 14 GHz with a return loss better than 14 dB.
Borgioli et al. reported a 1-bit K-band distributed low loss MEMS phase shifter [53].
Again, MEMS capacitive membrane switches were used, with having an actuation
voltage of 75 V. An 8.6 mm long CPW line on a glass substrate achieved a DC to 35 GHz
bandwidth, with a relative phase shift and insertion loss of 270° and 1.7 dB, respectively,
at 35 GHz. Due to the variation in the characteristic impedance of the CPW line, from 66
Q in the OFF state to 38 Q in the ON state, the inherent impedance mismatching creates
unwanted ripples in all the frequency responses. The same team then went on to report a
3-bit distributed delay line shifter using the same transmission line topology, substrate
and MEMS switches [54]. Lakshminarayanan et al. reported a true time delay MEMS
phase shifter comprised of impedance-matched slow wave unit cell [55]. The MEM
beams are actuated using high resistance SiCr bias lines with typical actuation voltage
around 30 - 45 V. The measured results show a maximum phase deviation of 3% with the
reflection coefficient less than 19 dB from 1 to 110 GHz. The worst insertion loss is 0.9

dB for 12 GHz, 1.16 dB for 50 GHz and 2.65 dB for 110 GHz.
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[56] [57]
Figure 2.22. RF MEMS based switched-line type phase shifters

2.6.2. RF MEMS REFLECTION-TYPE PHASE SHIFTER

Park et al. has reported a V-band 2- and 3-bit reflection-type phase shifter, with
micromachined coplanar waveguide coupler and switches [58]. The microfabricated air-
gap overlay coupler and the direct contact series switches were employed to reduce the
insertion loss. The measured results show a relatively small phase error, but the insertion
loss and the return loss are 4.1 dB and 11.7 dB, respectively, at 50 to 70 GHz. The 3-bit
phase shifter (shown in figure 2.23 (b)) is realized by cascading the 2-bit phase shifter
and a 180° phase shifter, the size of the 3-bit shifter is 3.2 mm x2.1 mm. In the next year,
this team continued to report a 5 - 17 GHz wideband phase shifter using capacitive MEMS
switches [59]. The micromachined reflection-type shifter have an average insertion loss
of 3.48 dB and maximum phase error of +1.8° over the operation bandwidth. From the
measured diagrams, the shifter has a flat phase response over the required spectrum which

is essential for wireless communication applications. Malczewski et al. also reported a
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two-stage 2-bit reflection-type delay line shown in figure 2.23 (c), using tapped delay line
reflection terminations. At X-band, the measured insertion loss was around 1.5 dB, with

60% of this loss being attributed to the Lange directional couplers [60].
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Figure 2.23. MEMS based reflection-type phase shifters (a) 2-bit (b) 3-bit by Park et al. [59] (¢) by Malczewski
et al. [60]

2.6.3. RF MEMS DISTRIBUTED LOADED-LINE PHASE SHIFTER

MEMS distributed loaded-line based shifters have also been reported. By applying a
single bias voltage to either the signal conductor of the coplanar waveguide (CPW) line

or the MEMS bridges lying over this center conductor, the effective distributed
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capacitance of the line can be changed, which in turn changes the phase velocity and, thus,
the associated propagation delay through the transmission line. Using this principle,
Barker and Rebeiz reported a true time wideband loaded-line phase shifter with MEMS
switches [61]. The device is fabricated on a 500 um quartz substrate with fixed-fixed
beam MEMS bridge capacitors located periodically over the CPW transmission line, thus
creating a slow-wave structure. A single analog control voltage is applied to CPW center
conductor for changing the phase velocity. This design demonstrates a DC to 60 GHz
phase shifter with 2 dB loss per 118° at 60 GHz and 1.8 dB loss per 84° at 40 GHz. A
high isolation of 40 dB is found in switches from 21 to 60 GHz. The same team went on
to demonstrate a 2-bit implementation at X-band [62]. MAM capacitors have replaced
MIM switches with Kim et al. [63] demonstrating a 4-bit 40 to 70GHz implementation,
but suffering from high insertion loss, and later Hayden and Rebeiz [64] reported a DC

to 37GHz version.

(@) (b)
Figure 2.24. MEMS based reflection-type phase shifters (a) by Kim et al. [63] (c) by Hayden and Rebeiz [64]

40



2.7. SPECTRUM ALLOCATED AT 60 GHz

In 2001, the Federal Communications Commission (FCC) allocated a bandwidth of 7
GHz between 57-64 GHz for unlicensed use. This is certainly unprecedented when it
compares to less than 0.5 GHz of a spectrum approved between 2 to 6 GHz for Wi-Fi and
other license-free applications. It has unique operational advantages that overweigh
traditional 2.4GHz or SGHz license-free radios and licensed-band millimeter-wave radios.
Thus, it is attractive for various devices requiring high data transmit speed [65]. For the
first time, multi-gigabit wireless links were made possible thanks to a sufficient spectrum.
Therefore, a considerable effort has been made since then to the development of wireless

communication systems working in the frequency band centered at 60 GHz [66].

Signals at 60 GHz are strongly attenuated by oxygen. This property greatly limits the
coverage of 60 GHz links but offers advantages in terms of interference reduction and
security enhancement over other wireless systems. 60 GHz antennas are intended to be
used in small cells so the oxygen absorption can help to confine the radiation inside the
cells. This property isolate one cell from another which indicates that it can limit the noise
from adjacent cells and secure the transmitted data from detecting by devices outside the

intended area.
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2.8. RECONFIGURABLE ANTENNAS

Antennas are necessary and critical components of wireless communication and radar
systems. Arguably, there are nine different types of antennas have proliferated during the
past 50 years. They are dipoles/monopoles, loop antennas, slot/horn antennas, reflector
antennas, microstrip antennas, log periodic antennas, helical antennas, dielectric/lens
antennas, and frequency-independent antennas. Each type possesses inherent benefits and
drawbacks that make them more or less suitable for particular applications. When faced
with a new system design, engineers modify and adapt these basic antennas, using
theoretical knowledge and general design guidelines as starting points to develop new

structures that often produce acceptable results.

Nevertheless, the choice of an antenna from the families mentioned above imposes
restrictions on the overall system performance because the antenna characteristics are
fixed. Making antennas reconfigurable so that their behavior can adapt with changing
system requirements or environmental conditions can improve or eliminate these

restrictions and provide additional levels of functionality for any system.

Ideally, reconfigurable antennas should be able to alter their operating frequencies,
impedance bandwidths, polarizations, and radiation patterns independently to

accommodate changing environment. However, the development of these antennas poses
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significant challenges to both antenna and system designers. These challenges lie not only
in obtaining the desired levels of antenna functionality but also in integrating this

functionality into complete systems to achieve efficient and cost-effective solutions.

2.8.1. FREQUENCY RECONFIGURABLE ANTENNAS

Frequency reconfigurable antennas (also called frequency tunable antennas) can be
classified into two categories: switched and continuous. Switched antennas use certain
kind of switching mechanism to operate at separated frequency bands. Continuous
reconfigurable antennas, on the other hand, allow for smooth transitions within or

between operating bands without jumps.

Many common antennas including linear antennas, loop antennas, slot antennas, and
microstrip antennas, are usually operated in resonance. In other words, the effective
electrical length of these antennas dominate the operating spectrum, its associated
bandwidth, and the current distribution on the antenna that dictates its radiation pattern.
There are different reconfiguration mechanisms to achieve frequency reconfigurability
such as: switches-employed, variable reactive loading, structural/mechanical change, and

material changes.
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2.8.1.1. SWITCHES

The designers can change the effective length of the antenna, and hence its operating
frequency, by adding or removing part of the antenna length through electronic, optical,
mechanical, or other means. Groups have demonstrated different kinds of switching
technology, such as optical switches, PIN diodes, FETs, and RF MEMS switches, in
frequency reconfigurable monopole and dipole antennas for various frequency bands. For
instance, Panagamuwa et al. presented a balanced dipole fabricated on high-resistivity
silicon was equipped with two silicon photo-conducting switches, as shown in figure 2.25
[67]. Light from infrared laser diodes guided with fiber-optic cables was used to control
the switches. With both switches closed, the antenna operated at a lower frequency of
2.16 GHz, and with both switches open, the antenna operated at 3.15 GHz. The
researchers also note variability in antenna gain as a function of the optical power used
to activate the switches. A similar design approach was taken by Freeman et al. to change
the effective length of a monopole antenna using optical switches, which helped to
eliminate some bias line effects that can occur with other kinds of switches [68]. Kiriazi
et al. present a similar example of antenna length changes using RF-MEMS switches in
[69]. In this work, a simple dipole antenna was printed on a high-resistivity silicon
substrate. By turning ON and OFF a pair of RF MEMS switches integrated on the dipole

antenna, the antenna can work in one of two frequency bands.
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connector

Figure 2.25. Photograph of an optically switched dipole antenna that provides frequency reconfigurability [67]

Using four PIN diodes, Roscoe et al. developed a reconfigurable printed dipole antenna
to deliver three operating bands between 5.2 and 5.8 GHz [70]. Others have applied the
same approach to microstrip patches [71-72], microstrip dipoles [73], and Yagi antennas
[74]. Anagnostou et al. discuss a reconfigurable monopole based on a Sierpinski gasket
with RF-MEMS switches to connect sections of the antenna together to provide multiple
operating bands [75]. Subsequent work with direct integration of RF-MEMS switches
provided three separate operating bands with similar omnidirectional radiation
characteristics [76]. This direct integration of the antenna and switches on a substrate
helps to eliminate the package parasitics and other nonideal effects that would be
generated if the switches were prepackaged and then bonded using solder and/or bond

wires.
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Switched frequency-radiating slots with a variety of geometries and radiating properties
have also been proposed by a number of researchers. One reconfigurable slot antenna was
proposed by Gupta et al. [77]. With a nested ring layout, it was fed with a single slotline
or coplanar waveguide (CPW) line. Using eight PIN diode switches, the lower of two
operating frequencies was set by the perimeter of the outer loop. When shorter slot
sections in two opposing sides of the loop are switched in place, the antenna operates in
the upper frequency band [77]. Peroulis et al. [78] demonstrated a tunable antenna using
four PIN diode switches that changed the effective length of an S-shaped slot to operate
in one of four selectable frequency bands between 530 and 890 MHz. A diagram of the

antenna is shown in figure 2.26.

Figure 2.26. Diagram of the reconfigurable S-slot antenna with microstrip feed line. All units are in mm. [78]
Changes over such a wide-frequency band are often along with changes in input
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impedance; however, these investigators positioned the switches and adjusted the slot
geometry such that the four frequency bands were attainable through switching alone
without needing changes in the matching network or feed point position. Parasitic effects
are also considered in this design. The DC bias network for each diode switch and its
equivalent circuit model are shown in figure 2.27. These models were incorporated into

simulations to refine the final antenna design.

Figure 2.27. (a) Layout of PIN diode switch bias network and (b) RF equivalent circuit for bias network [78]

Another important aspect of reconfigurable antenna design is the compatibility of the
antenna topology with the intended reconfiguration mechanism. In some cases, the only
way to include a particular switch is to design the antenna around the switch. One such
example is the hybrid folded slot/slot dipole antenna described in [79] and shown in

Figure 2.28. This particular design was developed to accommodate a particular RF
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MEMS switch layout to simplify the integrated fabrication and operation of the antenna.
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Figure 2.28. Reconfigurable hybrid folded slot/slot dipole antenna: (a) antenna geometry including all three
switches and (b) photograph of the fabricated antenna using only two of the three switches [79]

2.8.1.2. VARIABLE REACTIVE LOADING

The use of variable reactive loading is much in common with the previously discussed
switch mechanism. The only real difference between the two is that, in this case, the
change in effective antenna length is achieved with components that can change in a
continuous range of values (typically capacitance) that allows smooth rather than discrete

variation in the operating frequency band.

A one-wavelength slot antenna loaded with two one-port reactive FET components was
tuned continuously in [80]. The reactances of the FETs were varied by changing the bias

voltage, which in turn, changed the effective length of the slot and its operating band. The
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range of tuning was about 10%, centered around 10 GHz. The patterns were essentially
unchanged for this relatively small tuning range. Similar reconfigurable slot antennas
equipped with varactors have also been reported, which take advantage of higher order
resonances to create tunable dual-band performance [81-82]. Recently, a microstrip patch
antenna has been developed with integrated RF-MEMS capacitors [83]. As can be seen
in figure 2.29, the capacitors are integrated on a CPW tuning stub and actuated with
continuous DC bias voltages up to 12 V, which produce operating frequencies between
15.75 and 16.05 GHz. The unique monolithic approach benefits from removing the bias

vias.

0.9 mm

Figure 2.29. Frequency reconfigurable patch antenna with RF MEMS capacitors and CPW tuning stub. [83]
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2.8.1.3. STRUCTURAL/MECHANICAL CHANGES

Mechanical rather than electrical changes in antenna structure can deliver larger
frequency shifts. The main challenges lie in the physical design of the antenna, the
actuation method, and the maintenance of other characteristics while significant structural
changes. One example of a mechanically reconfigured antenna was demonstrated by
using a piezoelectric actuator system to vary the spacing between a microstrip antenna
and a parasitic radiator which leads to change of the operating band [84-86]. A picture of
the antenna is shown in figure 2.30. This example illustrates the difficulty in achieving
one kind of reconfigurability without incurring changes in other antenna characteristics.
The bandwidth and gain of the antenna also change as a function of parasitic element

spacing but cannot be individually selected.

Figure 2.30. Photograph of mechanically actuated reconfigurable antenna with movable parasitic element [84]

Langer et al. designed a magnetically actuated microstrip antenna for operation around
26 GHz [87]. The antenna structure was covered with a thin layer of magnetic material

and released from the substrate. Shown in figure 2.31, by applying an external magnetic
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field, plastic deformation effect can be triggered at the boundary point of antenna and the
microstrip feeding line. This effect results in the antenna being positioned at an angle over
the substrate. Small deformation of the antenna (small angle) results in changes in
operating frequency that preserve radiation characteristics, whereas larger angles result

in frequency shifts accompanied by significant changes in the antenna radiation pattern.

Figure 2.31. SEM photo of magnetically actuated reconfigurable patch antenna [87]

2.8.1.4. MATERIAL CHANGES

Changes in the material characteristics also promise the ability to tune antennas in
frequency. In particular, an applied static electric field can be used to change the relative
permittivity of a ferroelectric material, and an applied static magnetic field can be used to
change the relative permeability of a ferrite. These changes in relative permittivity or

permeability can then be used to change the effective electrical length of antennas, again
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resulting in shifts in operating frequency. One potential bonus is that these high relative
permittivities and permeabilities substrate materials translating into greatly reduced
antenna sizes. The main drawbacks to using ferroelectric and ferrite materials are their
high conductivity compared to other substrates which will severely degrade the efficiency

of the antenna.

Pozar and Sanchez proposed a frequency reconfigurable ferrite-based antenna in [88],
which provided a 40% continuous tuning range with the variable static magnetic field in
the plane of the substrate and perpendicular to the patch. However, the cross-polarization
radiation performance of the design were significantly higher than those expected from a
traditional rectangular microstrip antenna. Others have also investigated the properties of
ferrite-based microstrip antennas [89-90], with results indicating that factors including
non-uniform bias fields and the multiple modal field distributions excited in a ferrite

substrate may preclude their use in practical applications.

Recently, several groups have developed ferroelectric materials in thin film to minimize
the loss introduced into the circuit while still providing reconfigurability [91-93]. One
thing need to be mentioned about those designs is that the tunable materials are used in
the feed structure or parasitic elements rather than the antenna itself due to fabrication

restriction of achievable uniformity of the films.
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2.8.2. RADIATION PATTERN RECONFIGURABLE ANTENNAS

The distribution of currents, either electric or magnetic, on an antenna structure directly
determines the spatial radiation pattern. This relationship between the source currents and
the resulting radiation makes pattern reconfigurability without significant changes in
operating frequency difficult, but not impossible to achieve. The reconfiguration
mechanism can be categorized in following classes: Mechanical reconfiguration,

electrical reconfiguration, parasitic tuning, and material reconfiguration.

2.8.2.1. MECHANICAL CHANGES

With the reflective surface physically removed and isolated from the primary feed,
reflector antennas are a natural choice for applications that require radiation pattern
reconfiguration independent of frequency. Clarricoats and Zhou demonstrated a radiation
reconfigurable reflector antenna by actively changing the structure of a mesh reflector
[94]. In its first prototype, the reflector contour was changed manually in certain regions,
which resulted in changes in beam shape and direction. Later, computer controlled stepper
motors were implemented to pull cables attached to specific points on the reflector mesh

to support automatic pattern reconfiguration [95].

A closely related approach has also been used to develop a reconfigurable leaky-wave

antenna using mechanical tuning [96]. A horizontally polarized antenna is utilized to
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couple energy into leaky transverse electric waves on a reconfigurable impedance surface
(shown in figure 2.32). The waves propagate across the surface and radiate at an angle
controlled by the surface resonance frequency with respect to the excitation frequency.
The radiated beam from the surface can be steered in elevation up to 45°. Figure 2.33
shows a schematic layout of the surface, including the moveable top capacitance surface.
The tuning layer is mechanically moved across the stationary high-impedance surface to
vary the capacitance between the overlapping plates and tune the resonance frequency of
the surface. An electronically tuned version of this antenna that employs varactors can

produce reconfigurable backward as well as forward leaky-wave beams [97-98].

'l :

[ Lo

Figure 2.32. A horizontally polarized antenna couples energy into leaky modes on the tunable impedance

surface. [96]

54



Y @ [ @
® o & )
® ® & [
° o @ @
1\ _
Lower Vertical Vias Upper Plates
Plates /

/
FR4
Ground\ %‘; id
. olyimide
Plane R I I I I L ERY

Figure 2.33. Schematic layout of mechanically reconfigurable impedance surface [96]

Chang et al. created pattern reconfigurability through enabling mechanical perturbation
of propagation constants in a dielectric waveguide antenna operating at millimeter-wave
frequency [99]. The propagation constant along a dielectric image line is gradually
perturbed with a thin, moveable film placed on top of it (shown in figure 2.34). Different
positions of the grating film present different grating spacing to the traveling wave and
result in a scanned beam. Scan angles of up to 53° have been demonstrated with this
design at 35 GHz. Scanned dual beam performance over a similar frequency range has

been achieved with a related but more complex structure [100].
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Figure 2.34. A traveling wave antenna based on moveable grating fed [100]

2.8.2.2. ELECTRICAL CHANGES

Generally electrical changes to a radiating structure usually result in changes in radiation
characteristics. Nikolaou et al. designed an annular slot antenna for both frequency and
pattern reconfigurability in [101]. Frequency reconfigurability for this antenna is
supported through PIN diode switches that control input matching network, whereas the
pattern reconfigurability is also done with PIN diode switches placed at locations around
the slot to control the direction of a pattern null that is inherent to basic antenna operation

[101].
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2.8.2.3. PARASITIC TUNING

One of the most effective and widespread methods to change radiation patterns
independently from frequency behavior is the use of electrically tuned or switched

parasitic elements.

One good example is a microstrip based reconfigurable antenna using switched parasitic
elements that developed by Zhang et al. [102]. Shown in figure 2.35, the antenna is
composed of a single linear driven element with two spaced parasitic elements positioned
on each side parallel to it. Parasitic element lengths can be changed with PIN diode
switches, which, in turn, alter the magnitudes and phases of the currents on the parasitic

elements relative to the driven element.
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Figure 2.35. Reconfigurable microstrip parasitic array (a) schematic layout and (b) photograph [102]

Note the careful design of the switch bias network in figure 2.35 (b) that minimizes the
radiation from DC bias lines [103]. The operating spectrum and impedance bandwidth

are not affected due to the driven element is isolated from the reconfigured sections of the
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structure. Other examples of small reactively steered planar arrays based on standard
microstrip patches are provided by Dinger [ 104-105]. Search and optimization algorithms
can be utilized to decide the tuning reactance necessary on each parasitic element to

produce a beam or null at a prescribed angle [ 104-106].

2.8.24. MATERIAL TUNING

Ferrites and ferroelectric materials, although typically applied in frequency
reconfigurable antenna, can also be used to reconfigure radiation patterns. The changes
in material characteristics can be used to change the current distributions on conductors
resulting in radiation pattern shifts, or they can be used to alter propagation speeds in

traveling/leaky-wave antennas that result in beam steering.

The variable permittivity of a ferroelectric superstrate is used to achieve frequency fixed
beam steering with a two-dimensional grid array of resonant slot antennas [107]. The
complete structure consists of a grounded nonmagnetic substrate with a tunable
ferroelectric superstrate, which is then covered with a conducting plate that supports a
two-dimensional array of radiating slots (figure 2.36). When the applied voltage changes
between the conducting plate and the ground plane, the permittivity of the ferroelectric

shifts and the beam direction of the structure changes [107].
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Figure 2.36. Schematic layout of the ferroelectric reconfigurable leaky-wave antenna [107]

Other reconfigurable leaky-wave antennas that include tunable ferroelectric materials in

planar configurations have also been reported [ 108-109].

A two-dimensional beam steering phased array antenna based on a combination of
ferroelectric material adjustment and the continuous transverse stub topology has been
reported in [110]. Similar to other reconfigurable leaky-wave antennas that employ
integrated phase shifting, ferroelectric material integrated into the feeding waveguide is
tuned to deliver desired phase shifts between radiating stubs that then results in beam
steering up to 60° from broadside. As shown in figure 2.37, the height of the waveguide
is varied across the array simple to preserve good impedance matching. The electrical
distance between the radiating stubs changes as the permittivity of the ferroelectric
loading material is varied with applied voltages, so the phase on each stub can be
controlled to generate different radiation patterns (figure 2.38). An antenna based on
similar concepts but using individually biased ferrite rods between radiating slots in a

waveguide is discussed in [111].
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Figure 2.37. Continuous transverse stub design with ferroelectric material fill for beam scanning in the X-Z

plane. [110]
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CHAPTER 3

PHASE SHIFTER AND SLOW WAVE STRUCTURES

In this chapter, a phase shifter is presented first. It is based on radio frequency Nano-
Electro-Mechanical Systems (NEMS) switch fabricated at our lab in the University of
New South Wales. To further reduce the chip size of the delay line phase shifter, two slow

wave structures are then demonstrated.

3.1. PHASE SHIFTER

3.1.1. INTRODUCTION

Nano-Electro-Mechanical Systems (NEMS) are devices and systems that have been
studied and designed with dimensions of the order of nanometer. Compared to MEMS,
NEMS are about a thousand times smaller and have a great number of potential
applications such as random access memory, NEMS switch matrices and nano-tweezers
[112-114]. MEMS technology has been deployed to operate ordinary tasks in present day
and had significant impact on automobile, wireless communications, medical and
aerospace areas. Today, numerous companies are making MEMS devices for a wide range
of clients. With the semiconductor technology approaching deep into the submicron range,

a flood of ideas of developing much smaller NEMS structures have been reported [115].
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Araft of NEMS switch designs have been carried out based on carbon nano-tubes. Carbon
nano-tubes are promising for developing NEMS structures due to their extraordinary
electrical and mechanical attributes. At present, the studies of NEMS switch are mostly
focusing on their applications in random access memory systems and they have not been

able yet to make considerable progress for the communication systems [116].

Microwave phase shifter is an important component in phased array antennas for wireless
communications and radar applications. They are currently employing ferrite materials,
PIN diodes, or FET switches [117]. RF MEMS switches based phase shifter designs result
in lower loss at most frequency bands, especially at high frequency band. RF MEMS
switches exhibit very small open switch coupling capacitance and close switch resistance.
They provide better RF performance and usually wider bandwidth than similar designs
using solid-state devices. RF MEMS shifters also consume considerably less DC power
compared to the PIN or FET switch based phase shifters. There are several types of
MEMS phase shifters have been explored based on different techniques such as
reflection-line, switched delay-line, loaded-line, varactor and switched capacitor-bank
[118]. In this work, the switched delay-line technology is employed to design the 3-bit

phase shifter.

The terahertz band (lies from 0.1 to 10 THz range) has become an emerging area of

research due to constraint on lower frequency band. The antennas that designed to work
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at 600 GHz have been reported [119-121]. High frequency band and broad bandwidth can

offer large capacity for wireless communication applications.

In this section, a phase shifter was designed and simulated. It is based on radio frequency
NEMS switch fabricated at the University of New South Wales in [122], additional work
needs to be done to optimize the fabrication processes. The NEMS switch is fabricated
with surface micromachining technique and the dimension including the CPW ground
plane is 1.7 pm % 3.0 um. The length of cantilever is 1.4 um and the actuation gap is 170
nm. This phase shifter was designed to operate at 600 GHz and the simulated frequency

band is from 550 GHz to 650 GHz.

3.1.2. DESIGN OF 3-BIT PHASE SHIFTER

3.1.2.1. CIRCUIT DESIGN

To achieve a 3-bit phase shifter, three individual bits are designed. The cascade layout of
the whole structure is shown in figure 3.1. Each bit phase shifter has two sets of NEMS
series switches located next to the T-junctions. They share the same reference
transmission line length and their delay lines are designed to offer phase shift of 22.5°,
45° and 90° respectively. There are eight different states ranging from 0° to 157.5° with
22.5° steps. To minimize the coupling between adjacent transmission lines, three shifters

are arranged in an interlacing way as shown in figure 3.1.
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Figure 3.1. Layout of 3-bit phase shifter

The phase shifter is designed with coplanar waveguide structure built on an Alumina
substrate with 254 pm thickness. The alumina substrate has a lot of features make it a
preferable option for phase shifter and RF NEMS switches compared to silicon substrate.
These advantages includes availability, losses and low tangent. The RF NEMS switch has
a 40 nm thick chromium electrode fabricated under the cantilever beam and covered with

a silicon nitride layer. This thin dielectric layer of 190 um thickness is deposited using
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Plasma Enhanced Chemical Vapor Deposition (PECVD) to prevent direct contact
between metal cantilever and the lower electrode. The CPW structure is constructed on
the top of silicon nitride layer using gold for conductor material with a thickness of 100

pm.

3.1.2.2. BUILDING BLOCKS

The 1-bit phase shifter can be broken down into four segments: the RF NEMS cantilever

switch, the 180° Turn, the transmission delay line and the T-junction.

1) RF NEMS Cantilever Switch: The NEMS switch is an essential component of phase
shifter performance. When the switch is in up-state position, it should provide high
isolation between the cantilever tip and the transmission line. While the switch is actuated,
the signal will course through the switch without suffering high insertion loss or being
reflected back. The CPW signal line width is 200 nm and the gap between the center line
and the ground plane is 150 nm resulting a characteristic impedance of 50 Q (figure 3.2
(a)). As presented in figure 3.2 (b), it can be observed that the switch could achieve an
isolation better than 39 dB at 600 GHz. When the beam is in down-state, the return loss

and insertion loss are 30 dB and 0.16 dB respectively.
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Figure 3.2. RF NEMS switch (a) physical layout and (b) simulation results

2) 180° Turn: The turn structure is shown in figure 3.3. Air bridges are employed to
connect the two ground planes in order to reduce the parasitic coupled slot line mode and
maintain a constant phase shift throughout the CPW turn structure [123]. However, the

air bridges add parasitic capacitance to the bend and degrade its performance. In addition
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the bend reactance is also responsible for performance degradation. Chamfering the
corners provides a simple method to compensate for both parasitic capacitance as well as
bend reactance. Air bridges are fabricated using similar process to the NEMS switches.

They are anchored on both ends instead of keeping one end open.

Figure 3.3. Proposed 180° Turn

As can be seen from figure 3.4, the return loss of the proposed turn is 23.6 dB at the

required frequency, which indicates fairly good impedance match at 600 GHz.

Figure 3.4. Simulated results of 180° Turn
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3) Transmission delay line: The delay line phase shifter uses the length of the transmission
delay lines in each 1-bit shifter cell to vary the phase angle. For the high operating
frequency and the dimension of the switch, a suitable dimension of transmission line has
to be selected so that an acceptable insertion loss could be obtained without degradation
of the whole device’s performance. The transmission line uses as the delay line has a
wider center conductor and slot width compared to the original dimension of the RF

NEMS switch. The delay line dimensions are presented in figure 3.5.

Figure 3.5. Proposed transmission delay line with dimension

Figure 3.6 shows a comparison of the performance of the transmission line with different
dimensions for a 45° phase angle shift. As can be observed from the diagram, the insertion
loss and the return loss could have up to 0.75 dB and 10.19 dB differences respectively
at 600 GHz. Although the losses are still not ideal, the selected delay line provides a
significant improvement in performance. At the same time it maintains the compactness

of the overall dimension.
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Figure 3.6. Comparison of original and selected transmission line

As the size of the transmission line is increasing, a designated connector should be used
for connecting the delay line with the cantilever beam switch to overcome the phase and
amplitude errors caused by discontinuity [123]. A miter step connector is designed to

minimize the effect of parasitic reactance by compensating the discontinuity directly.

4) T-junction: T-junction is a key element that determines the operating bandwidth of the
3-bit phase shifter. A 3-D model of T-junction with two NEMS switches located
symmetrically adjacent is demonstrated in figure 3.7. The two switch openings are
designed to face towards the T-junction in order to reduce the transmission line length
between them for minimizing the capacitance load. Air bridges are used to reduce
parasitic modes and the dimensions used are the same as in the 180° turn subsection. In
the operation of a 1-bit phase shifter, each set of the cantilever switches always has one

switch in up-state and the other in down-state as signal either goes into the reference
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transmission line or the designated delay line.

Figure 3.7. Proposed T-junction with switches

It is critical to satisfy the characteristic impedance matching condition in order to achieve
good return loss. The T-junction together with the NEMS switches has been optimized
and the simulated results are illustrated in figure 3.8. As it can be seen, the return loss is
better than 32 dB while the insertion loss is 0.19 dB at 600 GHz. Please note that contact
resistance is not included in the simulation due to the difficulty in estimating the value at

nano-scale and also it is difficult to include in the simulation.

Figure 3.8. Simulated results of T-junction with switches
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3.1.2.3. 3-BIT PHASE SHIFTER SIMULATION

The 3-bit phase shifter has been constructed using the proposed blocks. The simulation
results for 3-bit phase shifter are summarized in table 3.1 and all bit combinations are

plotted in figure 3.9.

Table 3.1. Simulation results for 3-bit phase shifter at 600GHz

Expected Phase | Phase Shift | Phase Error Insertion Loss (dB) | Return Loss (dB)

0° 0° 0° 2312 23.588

22.5° 21.619° 0.881° 2.55 25.977

45° 43.548° 1.452° 2.778 33.817

67.5° 65.708° 1.792° 3.033 28.182

90° 88.155° 1.845° 3.266 20.773
112.5° 109.894° 2.606° 3.527 22.06
135° 131.646° 3.354° 3.777 22.178
157.5° 154.893° 2.607° 4.091 23.827

Figure 3.9. Phase shift for all bit combinations
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Both the phase error and return loss have excellent values. From the simulated data in
Table 3.1 and figure 3.9, it can be seen that the 3-bit phase shifter achieved phase error of
+5% and the maximum phase error of 3.91% occurs at 22.5°. The return loss of all states
is better than 20 dB. The shifter has a maximum insertion loss at 157.5° and the insertion
loss is 4.091 dB. Given that this device is operating at 600 GHz and the whole structure
is integrated into a 59.3 um x 37.8 um chip, it can be predicted that the transmission
signal will obtain high attenuation from CPW conductor loss and substrate loss. However,

to achieve high integration ability and nanometer scale device, this tradeoff is necessary.

3.1.3. CONCLUSION

An operating 3-bit NEMS delay lines phase shifter has been designed, and optimized.
Problems like high insertion loss of the transmission line, CPW bend phase error and
impedance mismatch of the T-junction were encountered during the design. The enlarged
delay line, air bridges and a miter step connector were employed to the design to

overcome these drawbacks.
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3.2. SLOW WAVE STRUCURES

In this section, two slow wave branch-line couplers based on microstrip line are presented.
As can be seen from previous phase shifter design, the major component that take up
space on the substrate is the transmission delay line. To further reduce the length of delay
line, the microstrip based slow wave structure is a promising solution; especially for the
applications operating at lower spectrums such as 2.4 GHz band or 5 GHz band. This
work was a collaboration with undergraduate student Vicki Zhu. We designed and

optimized the structures; and Ms. Zhu was working under my supervision.

3.2.1. INTRODUCTION

A microstrip line plays a vital role in microwave circuits since it can be easily fabricated
by photolithographic processes and integrated with passive and active devices. The length
of the conventional microstrip line is dominated by the dielectric constant [124] so the
phase velocity in these circuits cannot be further reduced to less than the free-space light
velocity. Therefore, the circuit may occupy a large area, which results in high cost and

problems for miniaturization.

Slow-wave guiding structures have been extensively studied to reduce the circuit size
[125-143]. The mechanism behind the slow-wave propagation is to store the electric and

magnetic energies separately as much as possible in the guided-wave media. The
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microstrip type slow-wave structures can be constructed in multilayer substrates [129-
131]. However, to simplify the fabrication process and to maintain the low cost, the slow-
wave structures with only a single-layer substrate are more preferable [132-143]. One
option is to create a periodic dielectric constant on a single-layer wafer [132]; other
options includes building structures to form the periodic perturbations on the signal and

ground planes [133-143].

3.2.2. DESIGN OF SLOW WAVE BRANCH-LINE COUPLER

The designs are intended to be fabricated utilizing a commercial ink-jet printer so multi-
layers 2D printed structure are used. Polyester substrate is selected over normal paper
substrate for its significantly lower attenuation. The structure will be printed with silver
nano ink which is commercially available [144]. The silver nano ink and cleaning ink
cartridges are shown in figure 3.10, and the coated printing paper and polyester substrate

are illustrated in figure 3.11.

(@ (b)

Figure 3.10. Methode (a) silver nano ink and (b) cleaning ink cartridges
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Figure 3.11. From left to right: coating paper, opaque polyester, transparent polyester

3.2.2.1. CIRCUIT DESIGN

Two slow wave branch-line couplers were designed and optimized. The configurations
are shown in figure 3.12. The branch-line coupler consists of four A/4 line sections, two
of which have the characteristic impedance of 35.36 Q and the other two have the
characteristic impedance of 50 Q. The proposed branch-line couplers replace these four
microstrip transmission lines with slow-wave structures. The designed branch-line
couplers utilize spectrum centered at 940MHz. This spectrum is chosen to maintain the

smallest features because the resolution of our commercial printer is limited.

@ (b)
Figure 3.12. Schematic layouts of slow wave branchline couplers (a) type A and (b) type B
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3.2.2.2. BUILDING BLOCKS

(@) (b)
Figure 3.13. Schematic layouts of slow wave unit cell (a) type A and (b) type B

The unit cell of proposed slow wave structure are shown in figure 3.13. These structures
are inspired by the step impedance filter design. The cascaded high impedance and low
impedance transmission lines can be translated into series inductors and shunt capacitors.
The equivalent circuits of the unit cells are illustrated in figure 3.14. The series inductors

and shunt capacitors can store the magnetic and electric energies separately. Therefore
. v
the phase velocity can be reduce and the wavelength 4 =— becomes smaller as well

as the total device size for certain wavelength.
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Figure 3.14. Equivalent circuit for proposed slow wave structure
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The meander line structure is also adopted to further reduce the size of transmission line.
Type A unit cell is connected different width line to form high or low impedance lines.
Type B adds conductive load under the conventional transmission line to form the slow
wave structure. Type B branch-line coupler will be simple to fabricate by utilizing the
ink-jet printing technology. The structure can be printed on separated polyester papers

and then align and heat bind them together.

3.2.2.3. SLOW WAVE BRANCH-LINE COUPLER SIMULATION

As can be seen from the figure 3.15, Both type A and type B branch-line coupler’s S11
and S41 show desirable results of low return losses. The insertion losses of the type A
branchline coupler (S21 and S31) give values of roughly -3.6 dB at the resonance
frequency, while the type B branch-line coupler has S21 and S31 closed to -4.3 dB. These
values are lower than the ideal -3dB, the additional losses are introduced by the metal and

dielectric losses.

(€
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(b)
Figure 3.15. Simulation results of branch-line couplers (a) type A and (b) type B

Figure 3.16. Size compare between conventional microstrip and slow wave branch-line couplers

When compared to the conventional microstrip branch-line coupler, the total chip sizes

can be reduced to 28% and 39% for type A and type B branch-line coupler, respectively.

3.2.3. CONCLUSION

In this section, two types of slow wave structures are proposed and simulated. The
advantages of proposed slow wave structures are low fabrication cost (due to they only
need single layer printing, no via-hole and no ground plane patterning), compact size and

easy to integrate with the existing MMIC circuits.
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CHAPTER 4

FREQUENCY RECONFIGURABLE ANTENNAS

In this chapter, new millimeter-wave frequency reconfigurable quasi-Yagi and folded
dipole Yagi antennas are presented. The antennas are printed on a quartz substrate
integrated with RF MEMS switches. By controlling the actuation of the RF MEMS loaded
on the driven and director dipole elements, the antenna operation frequency is switchable
in the wireless personal area network (WPAN) band (57-66 GHz) and E-band (71-86

GHz). The end-fire patterns of the Yagi antennas are maintained in both two-bands.

4.1. MEMS-LOADED MILLIMETER WAVE FREQUENCY
RECONFIGURABLE QUASI-YAGI DIPOLE ANTENNA

4.1.1. INTRODUCTION

In commercial communications systems, there is a continuous demand toward smaller
and more adaptive communications platforms that possess multiple functionalities.
Meanwhile, the unlicensed 60 GHz spectrum (57 - 66 GHz) and the light licensed E-band
spectrum (71 — 86 GHz) have become available in many countries. The wide channel
bandwidth attracted tremendous research and commercial interests to develop 1 Gb/s or

even higher wireless transmission, catching up their optical fiber counterpart, in the
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millimeter-wave spectrum range [145]. In the millimeter-wave spectrum, RF MEMS
devices exhibit attractive characteristics in terms of high isolation, low insertion loss, low
dc power consumption, and excellent linearity [146]. A comprehensive comparison
between semiconductor and RF MEMS switches reveals that the latter is more suitable
for millimeter wave applications [147]. RF MEMS switch has been widely employed in
the designs of reconfigurable filters for multi-standard radio front end [148], phase
shifters [149], switch matrix [150], and reconfigurable antennas [151-152]. It is expected
the RF MEMS will be commercially employed in future software defined radio and
cognitive radios. As an important component of the future radio system, a millimeter-
wave frequency reconfigurable antenna allows one antenna being shared for multiple high
data-rate wireless services. Wideband printed Yagi antenna with 44% frequency
bandwidth has been reported in X-band with moderate gain [153]. Wideband operation
of Yagi antennas in E-band has also been demonstrated with a compact design of using
folded dipole driven element [ 154]. However, very little research work has been reported
on the design of millimeter-wave frequency reconfigurable antenna. In this section, we
propose a new design of a RF MEMS integrated millimeter-wave frequency
reconfigurable quasi-Yagi dipole antenna. The aims of our research are two-fold: (1) to
realize a frequency switching in two millimeter wave frequency spectrums, which are the
60 GHz band from 57 to 66 GHz and the whole E-band from 71 to 86 GHz; (2) to
demonstrate a RF MEMS integrated quasi-Yagi antenna incorporating practically feasible

biasing configurations.
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4.1.2. ANTENNA DESIGN

Figure 4.1. Schematic layout of the MEMS-loaded millimeter-wave frequency reconfigurable quasi-Yagi dipole

antenna

Table 4.1. Antenna dimension parameters (unit: pm)

L \Y | Lm L L Wa Whs
5000 4000 2300 575 535 570 45 190
Ls Lu Li Lis S S> W. Wy
430 215 155 145 470 530 380 530
R g Leps Weps Waip Wi
550 120 520 70 180 18
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The configuration of the proposed reconfigurable antenna is shown in figure 4.1 and its
dimensions are listed in table 4.1. The dipole elements and feeding structures are printed
on a low-loss quartz substrate (¢, = 3.75, thickness h = 0.254mm, tand = 0.0004), on
which the RF MEMS switches are integrated. The top metallization consists of a driven
dipole element, two parasitic director elements, a CPS line and a broadband microstrip-
to-CPS transition. The bottom truncated ground plane serves as a reflector element. The
combination of the reflector, driven dipole and parasitic directors forms a four-element
quasi-Yagi array which results in an end-fire radiation (figure 4.1). Six RF MEMS
switches are embedded in gaps on the driven and director elements as shown in figure 4.1.
By controlling the biasing voltages applied on the beams and the electrodes of the RF
MEMS switches, the effective lengths of the dipole elements are changed so that the

resonant frequency of the antenna is altered.

The cantilever RF MEMS switch is employed and the layout of the switch is shown in
figure 4.2. The RF MEMS switches are integrated on the same quartz substrate as the
antenna structure. Biasing lines are defined by evaporating 0.04 um layer of silicon
chromium [155] and then patterned by one mask. Next a 0.7 wum height electrode is
fabricated under the cantilever beam and covered by a 0.15 pum thick layer of silicon
nitride. The thin dielectric layer is deposited to prevent direct contact between the metal
cantilever and the lower electrode. The antenna structure and the matching network are

defined by RF sputtering of 0.04/1.0 um layer of Cr/Au. Chromium can be used as an
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adhesion layer between the gold and substrate. The length of the cantilever is 130 um and

the actuation gap is 2.5 um.

Figure 4.2. Schematic layout of the cantilever beam based MEMS switch.

Figure 4.3. Resistive biasing configuration for the proposed reconfigurable antenna. Zoomed-in diagram shows

the detail of the biasing line and the orientation of the RF MEMS switches.

In this work, a high resistive silicon chromium biasing network is proposed as shown in
figure 4.3. The dimple of the cantilever beam is facing inwards and the anchor is placed
on the far-end side of the dipole elements. To simplify the biasing network, the electrodes
of the each three RF MEMS switches on one side are connected together as a group. The
biasing lines in red color are extended and positive voltage is applied (+V1) to control the

switch actuation. The anchors of the RF MEMS switches are located at the far end of the
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dipole connected to a reference dc ground. It is noted that there is almost no current
between the cantilever beams and electrodes while the switches are actuated. This feature
guarantees that the cascaded electrodes (inter-connected each other) will share the same
biasing voltage +V1 as shown in the zoomed-in plot of the biasing lines in figure 4.3.
When the biasing voltage is applied to the electrode, the dimples of the six RF MEMS
switches will be pulled down touching the gold dipole arm (ON state). Therefore, the gap
is bridged to form longer dipoles (L, + g+ L, ) and the antenna operates in the lower
band. Conversely, the quasi-Yagi array operates in the higher band with the shorter dipole
lengths (L,) when no voltage is applied (OFF state). The pull-down voltage is decided
mainly upon the width and length of the cantilever beam as well as the actuation gap. This

voltage is calculated to be 38 V by MEMS mechanical simulator — CoventorWare.

Figure 4.4. Design of MEMS switch in CoventorWare
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Figure 4.5. Simulated actuation voltage of RF MEMS switch by CoventorWare

The broadband microstrip-to-CPS transition [156] is employed to feed the printed dipole
antenna as well as provide a solution to dc biasing. The transition performs field rotation
and impedance matching (shown in figure 4.6). This radial stub behaves as an open circuit
at the peripheral of its arc portion. This introduces a virtual short at the junction of the
microstrip-to-CPS transition. The even-mode electric field under the microstrip line
couples to the virtual short and experiences a 90 rotation. The odd-mode field of the CPS
is then established after the ground plane truncation. In addition, three microstrip
impedance transformation sections are used to match the impedance of the microstrip line

and CPS line.
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(@) (b)
Figure 4.6. (a) Configuration of the microstrip-to-CPS transition and (b) cross-sectional view of the electric

field distribution

4.1.3. RESULTS

The antenna was analyzed using Ansys HFSS [157], which is based on the frequency-
domain finite element method. Figure 4.7 presents the antenna reflection coefficients
when all the six RF MEMS switches are in the ‘ON’ or ‘OFF’ state. Frequency switching
is clearly observed. In each band, the bandwidth with good impedance matching (|S11|
< -10 dB) is sufficiently large to cover the 60 GHz band and E-band. In the same
figure, the results with the biasing line are also shown. It is observed that the operating
frequency in the lower band is slightly shifted towards lower frequency by the presence
of the biasing line. This is due to the fact that the RF current can flow up to the far end of
the dipole when the RF MEMS switches bridge the gap (‘ON’ state). Due to the non-

perfect RF chocking capability provided by the silicon chromium biasing lines, a small
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part of the current will be induced on the biasing lines and make the dipole longer. In the
‘OFF’ state, however, the RF current is blocked due to the perfect isolation provided by

the RF MEMS switches.

Figure 4.7. Comparison of the antenna reflection coefficient in lower band (blue curves) and higher band (red

curves). Solid line: without resistive biasing line. Dashed line: with the resistive biasing line.

Figure 4.8. Effect of the biasing line material conductivity on the antenna reflection coefficient.
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The effect of biasing line on the antenna reflection coefficient is studied by choosing
different resistivity values of the lines. It is shown in figure 4.8 that when the conventional
chromium is used for the biasing line material, the antenna reflection coefficient is
dramatically affected. This effect becomes smaller when the resistivity is increased by
100 times than that of chromium (sheet resistance of 13.16 ohm/square). And the
reflection coefficient will get closer and closer to the desired result as the resistivity get
larger and larger. Thus, the silicon chromium [158] high resistive material is proposed for

the biasing line material for the antenna.

In figure 4.9, the antenna radiation patterns in the two principle planes (E-plane: y-x plane
and H-plane: y-z plane in figure 4.1) are shown at the central frequency of lower band
(60 GHz) and two frequencies (73 and 83 GHz) in the higher band. Clearly, end-fire
pattern is obtained. The main-beam deviation from the boresight direction in E-plane can
be reduced by changing the ground plane size. In figure 4.10, the antenna realized gain is
presented in the lower and higher bands. The antenna exhibits small gain variations from
5.5 to 6.7 dB in the lower band and from 6.5 to 8.1 dB in the higher band. These results
are obtained by using gold as the material for the antenna metallization and RF MEMS
switch fabrication. Extra losses may be introduced in the RF MEMS fabrication processes

and affect the antenna gain performance.
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Figure 4.9. Antenna radiation patterns: (a) E-plane at 60 GHz. (b) H-plane at 60 GHz. (c) E-plane at 73 GHz.
(d) H-plane at 73 GHz. (e) E-plane at 83 GHz. (f) H-plane at 83 GHz.
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Figure 4.10. Antenna realized gain in the lower and higher frequency bands for the design including the

biasing network.

4.1.4. CONCLUSION

A new RF MEMS-integrated millimeter-wave frequency reconfigurable quasi-Yagi
antenna is proposed. The operation frequency of the antenna is switchable between the
millimeter wave 60 GHz WPAN band (57-66 GHz) and E-band (71-86 GHz) by actuating
of the RF MEMS switches employed on the driven and director dipole elements. The end-
fire radiation pattern of the Yagi antenna is maintained in both two-bands. The antenna
shows a small gain variation from 5.5 to 6.7 dB in the lower band and from 6.5 to 8.1 dB
in the higher band. A resistive biasing configuration using silicon-chromium thin film is
proposed. Simulation results have shown that it has small effect on the antenna reflection
coefficient when the surface resistance is greater than 13.16 ohm/square. In view of the
mechanical nature of the switch component, the antenna is expected to have a high I1P3

value, which is desirable for reconfigurable antennas.
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4.2. RFMEMS-INTEGRATED FREQUENCY RECONFIGURABLE QUASI-
YAGI FOLDED DIPOLE ANTENNA

A RF MEMS integrated frequency reconfigurable quasi-Yagi folded dipole antenna is
presented in this section. The operating frequencies of the antenna are interchangeable
between the millimeter wave WPAN band (57 - 66 GHz) and E-band (71 - 86 GHz). The
operation principle is very similar to the antenna demonstrated in last section. The tuning
is achieved by electronically adjusting the effective electrical length of the folded dipole
driver and the director element by employing RF MEMS switches. This work was a
collaboration with postgraduate student Eugene Siew. We designed and optimized the

antenna structure.

4.2.1. INTRODUCTION

In the today’s communications systems, it is very much desirable for antennas to operate
between the unlicensed WPAN spectrum (57-66 GHz) and the light licensed E-band
spectrum (71-86 GHz). One reason for its increasing popularity is due to its shorter
wavelengths, these bands permit the use of smaller size antennas to achieve the same high
directivity and high gain when compare to antennas that operate in the lower bands. To
be able to fully utilize both the WPAN and E-Band spectrum in a single wireless platform,
the antennas need to cover multiple frequency bands. While multiband and wideband
antennas are potential candidates to achieve this, frequency reconfigurable antennas [159-

160] are usually employed due to their better noise rejection capability which greatly
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reduces the filter requirements of the front-end circuits.

Printed quasi-Yagi antennas have received considerable attention due to their low cost,
high radiation efficiency, modest gain [161-162], ease of fabrication and integration with
MMICs. So far they have been mostly realized on high dielectric constant substrates with
moderate thickness in order to excite the 7E, surface wave along the dielectric
substrate. The printed quasi-Yagi antenna realized using a high dielectric constant
substrate is compact and is suitable for scanning arrays requiring an inter-element spacing
of 0.5 4,. However, when fabricated on a low dielectric constant substrate, the length of
the driver of a conventional quasi-Yagi antenna is increased, and it is difficult to achieve
0.5 4, spacing between the elements required for scanning arrays. The research group in
CSIRO Australia have proposed a compact, broadband design of a quasi-Yagi antenna
suitable for fabrication on low dielectric constant substrates [154]. In the new antenna
element, the half wavelength dipole driver of the standard quasi-Yagi antenna is replaced
by a folded dipole. The folded dipole has better bandwidth characteristics than a single
half wavelength dipole. Also, the length of the folded dipole is reduced compared to the
conventional dipole and the new element is more suitable for applications requiring arrays
of closely spaced quasi-Yagi antennas on low dielectric constant substrates. RF MEMS

switch with multiple design merits [163-165] has been chosen to use in this structure.
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4.2.2. ANTENNA DESIGN

Figure 4.11. Schematic layout of the RF MEMS integrated frequency reconfigurable quasi-Yagi folded dipole

antenna

Table 4.2. Antenna dimension parameters
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The layout of the proposed reconfigurable antenna is shown in figure 4.11 followed by
its dimensions in table 4.2. The antenna element is printed on a low-loss Quartz substrate
(&,=3.75, thickness h = 0.254 mm, tand = 0.0004), on which the RF MEMS switches are
integrated. The top side of the substrate consists of a microstrip feeding line, a broad-
band microstrip-to-CPS balun, a folded dipole driven element and a parasitic dipole
element as a director. The bottom side is a truncated ground plane, which serves as a
reflector element for the antenna. The combination of the parasitic director, the driven
element and the reflector direct the radiation of the antenna toward the end-fire direction.
It is shown in the parametric sweep that the length of the folded dipole driver L,, the
length of the director L, and the ratio of the upper strip and lower strip width W, /W,

are important design parameters of the quasi-Yagi folded dipole antennas.

A total of eight RF MEMS switches (6 horizontal and 2 vertical) are used in this antenna.
When all vertical switches are closed and all horizontal switches are opened, the length

of the folded dipole is about 2x(L,+W.) and the length of the director is L. Both the
folded dipole and director are shorter in length, thus the antenna resonates at a higher
operating frequency band (denoted as State I). When all horizontal switches are closed
and all vertical switches are opened, longer folded dipole element and director element
are obtained. The length of the folded dipole is 2x(L,+ L,, +W,,+ W) and the length of

the director is Lg+ 2x(W,,+W,,), which causes the antenna to resonate at a lower

operating frequency (denoted as State II).
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4.2.3. RESULTS

The antenna performance was analyzed using the frequency domain finite element
method in Ansys HFSS. By controlling the RF MEMS switches, the resonant frequency
is switched between WPAN band to the E-band. To understand our proposed RF MEMS
reconfigurable antenna and the effect of RF MEMS switches, two non-reconfigurable
antennas one operates at WPAN band and the other operates at E-bands are designed.
They are used as benchmarks for the proposed reconfigurable antenna. Figure 4.12
presents the reflection coefficient of the reconfigurable antenna in State I and State II and

the two benchmark antennas.

Figure 4.12. Comparison of the antenna reflection coefficient in upper band (blue curves) and lower band (red
curves). Solid line: quasi-Yagi folded dipole antenna with RF MEMS switches integrated. Dashed line: quasi-
Yagi folded dipole antenna without RF MEMS switches.

The simulation shows that the reconfigurable antenna achieves similar bandwidth in each
band compared with the corresponding benchmark antennas. In both states, good

impedance matching were achieved (|S11| < -10dB). It could be noticed that the

95



introduction of RF MEMS switches to the reconfigurable antenna has only worsen the in-

band reflection coefficient while enhancing the out-of-band rejection in both states.

Figure 4.13. Antenna radiation patterns in both E-plane (red) and H-plane (blue): (a)71GHz (b)78.5GHz
(¢)86GHz (d)57GHz (¢)61.5GHz (f)66GHz.

Figure 4.13 shows the normalized radiation patterns in E-plane and H-plane of the
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reconfigurable antenna. For State I, the radiation plots are as follows: Fig. 4 (a), (b) and
(c) show the radiation pattern at 71, 78.5, and 86 GHz respectively. For State II, the
radiation patterns are presented in Fig. 4 (d), (e), (f) at the frequencies 57, 61.5, and 66

GHz, respectively. Clearly, the desired end-fire pattern is obtained.
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Figure 4.14. Antenna realized gain in the WPAN band and E-band.

The realized gain of the proposed antenna is presented in figure 4.14 for both lower and
upper bands and is compared with the benchmark antennas. The antenna gain variation is
from 5.5 to 8.0 dB in the upper band and from 4.3 to 5.2 dB in the lower band. It only
exhibits maximum 0.5 dB less gain compared with the benchmark antennas. However,
the presented results did not include losses due to RF MEMS contact resistance which
arises from several factors such as the size of the contact area, the mechanical force
applied, and the quality of the metal to metal contact [166]. These extra losses introduced

are likely to affect the realized gain of the antenna.
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4.2.4. CONCLUSION

In this section, a MEMS integrated frequency reconfigurable quasi-Yagi folded dipole
antenna is reported. In this design, RF MEMS contact type switches are used. Two
separated frequency bands, WPAN band (57 - 66 GHz) and E-band (71 - 76 GHz), are
achieved with this reconfigurable antenna. Two individual folded dipole Yagi antennas
were also designed for comparison. Simulation results show that our RF MEMS
integrated reconfigurable antenna only exhibits maximum 0.5 dB gain loss in comparison.
The gain variation is from 4.3 to 5.2 dB in the WPAN band and from 5.5 to 8 dB in the
E-band, respectively. End-fire radiation patterns are realized at different frequencies

across the two frequency bands.

98



CHAPTER 5

PATTERN RECONFIGURABLE ANTENNAS

In this chapter, a comparison between different microstrip-to-CPS transitions is presented
first. It not only demonstrated some types of microstrip-to-CPS transition are not suitable
for balanced applications such as dipole or Yagi antenna, but also proposed a new testing
standard for this type of transition design. The inspiration drawn from this comparison
has led to a novel pattern reconfigurable quasi-Yagi antenna design. The details are
provided in the following section. Then a pattern reconfigurable spiral antenna design is

illustrated.

5.1. COMPARISON OF 60 GHZ QUASI-YAGI ANTENNAS USING
DIFFERENT MICROSTRIP-TO-CPS TRANSITIONS

5.1.1. INTRODUCTION

The coplanar stripline (CPS) is a balanced uniplanar transmission line with the advantages
of compact size, ease of mounting lumped components in series or shunt configuration,
and low discontinuity parasitics. The uniplanar characteristics of the CPS also eliminate
the need for a via-hole that introduces parasitic effects. Based on the above advantages,

the CPS has found many applications in microwave circuits such as filters, mixers, phase
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shifters, and dipole antennas. On the other hand, since the microstrip line is still one of
the most popular transmission lines, the microstrip-to-CPS transition with wide
bandwidth, low loss, and simple structure is required in order to fully take advantage of

these two transmission lines.

Several microstrip-to-CPS transitions have been reported. The transition based on the
mode conversion has shown a 3 dB back-to-back insertion loss bandwidth of 59% [167].
As an improved design of [167], a 3 dB back-to-back insertion loss bandwidth of 68% is
achieved [168]. In addition, the transition using the coupling method shows a 2.4 dB back-
to-back insertion loss bandwidth of 18% [169]. The above transitions, however, are only
suitable for narrow-band applications. Furthermore, they are all built on high dielectric-
constant substrates (&, >10) for a low characteristic impedance of the CPS, and easy
matching to a 50 Q microstrip line. Since the high dielectric-constant substrates are
suitable for circuit design instead of the antenna design, using such transitions to feed
antennas will degrade the antenna performance. Recently, the microstrip-to-CPS
transitions on low dielectric constant substrates have been reported with a 3 dB back-to-
back insertion loss bandwidth covering from 1.3 to 13.3 GHz (1:10.2) [170] and an 1 dB

back-to-back insertion loss covering from 6.5 to 13.8 GHz [171].

In this section, microstrip-fed quasi-Yagi antennas with two different microstrip-to-CPS

baluns [172-173] were designed, simulated and compared in 60 GHz band. This research
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is an important supplement of our preceding work [174] to demonstrate that the phase
tuning performance of the balun can severely affect the antenna directivity in frequency
band as high as 60 GHz spectrum. Furthermore, a new practical testing method is
proposed along with back-to-back insertion loss as a basic standard for any type

transmission line to CPS transition.

5.1.2. ANTENNA DESIGN

@) (b)

Figure 5.1. Schematic layouts of the quasi-Yagi (a) antenna I and (b) antenna II

The configurations of the designed antennas are presented in figure 5.1. The antennas and
feeding structures are built on low-loss quartz substrates (¢, = 3.75, tand = 0.0004,
thickness = 0.254 mm). Both of designs have the top metallization consisting of two
parasitic director elements, a dipole component and a microstrip-to-CPS transition. The

reflector elements are substituted by truncated ground planes printed on the back side of
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the substrate. Antenna I employed the radial stub based transition while the delay line
type balun is used in the antenna II. In radial stub transition (figure 5.1 (a)), the electric
field in the microstrip line is perpendicular to the electric field in the CPS, so an electric-
field rotation of 90° is needed. A radial stub or a quarter-wavelength rectangular open
stub can be used for the field rotation. Ideally, the signal on two striplines should have a
phase difference of 180° after rotation. To match the impedances of microstrip line and
coplanar striplines, a Chebyshev three-section transformer is used. In delay line transition
(figure 5.1(b)), a delay line is employed for a phase shift of 180° so the electric field can

be rotated 90° after the truncated ground plane disappear.

5.1.3. SIMULATION RESULTS
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Figure 5.2. Antenna reflection coefficient in 60 GHz spectrum for (a) antenna I and (b) antenna II

Figure 5.3. Antenna radiation patterns: (a) E-plane at 60 GHz for antenna I. (b) H-plane at 60 GHz for
antenna I. (c) E-plane at 60 GHz for antenna II. (d) H-plane at 60 GHz for antenna II.
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The two antennas were analyzed using ANSYS HFSS software. The reflection coefficient
S11 for antenna I and antenna II are illustrated in figure 5.2 (a) and (b). As can be seen
antenna [ has much broader bandwidth when compared to antenna II. This is due to the
fact that the delay line balun can only target at one single frequency to obtain a precise
180 degrees shift of the signal phase to excite the odd mode transmission on coplanar
striplines. In figure 5.3, the antenna radiation patterns in the two principle planes are
shown at 60 GHz. End-fire radiation pattern is clearly observed for antennas II. The
directivity of antenna I is shifted in E-plane due to fact that the radial stub balun cannot
provide 180 degree phase change at 60 GHz band. The parametric sweep has been done
and the 180 degree phase change cannot be achieved because of the intrinsic discontinuity.
Therefore it is not suitable for loads that require balanced CPS input such as dipole or

quasi-Yagi antenna.

5.1.4. CONCLUSION

This research has demonstrated that the radial stub based microstrip-to-CPS transition
can affect the directivity of printed quasi-Yagi antenna operated in 60 GHz due to it cannot
provide 180 degree phase change. Many new microstrip-to-CPS transitions utilize
discontinuous structures. One problem of these structures is that the phase delay between
two coplanar striplines cannot be precisely controlled. And these papers all emphasize the
insertion loss they achieved but there are no demonstration of stripline phase balance. So

anew testing method is proposed in this paper which uses Yagi antenna connected directly
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to the transition to test the phase balance. If the radiation pattern shift from the desired
end-fire direction, the structure under test should not be used for applications require
balanced input. The directivity problem unveiled in this section shed light on the
possibility of using phase unbalanced transition to control the directivity of Yagi antenna

forming pattern reconfigurable antenna.

5.2. PROOF FOR PATTERN RECONFIGURABILITY OF 60 GHz QUASI-
YAGI ANTENNA

This section demonstrates the possibility of designing pattern reconfigurable quasi-Yagi
antenna. Adjusting the length of dipole arms and delay line, the E-plane radiation
direction can be steered from -20° to +20°, without compromising the realized radiation
gain or shifting the operating spectrum at 60GHz band. In this part, nine individual Yagi
antennas with different beam directions are designed. They all have bands centered at
60GHz, with wide bandwidths covered from 57 GHz to 66 GHz. And five of them are
fabricated and measured. The experimental results match well the predicted ones and

demonstrate that the radiation beam direction of quasi-Yagi antenna can be freely shifted.
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5.2.1. INTRODUCTION

Printed antennas such as the quasi-Yagi antenna are attracting a lot of attention for their
potentials in applications demanded of broadband. They offer compact size and serve as
end-fire directional antennas. Quasi-Yagi planar antenna have been extensively used in
the wireless communications due to its outstanding features including: light weight, low

cost and ease of fabrication [154].

Nowadays, enormous multimedia applications call for wireless transmission at gigabit-
per-second, or even a faster rate over a short distance. For example, the wireless gigabit
Ethernet standard requires 1.25 Gb/s, wireless high speed download and high definition
video streaming needs 2-20 Gb/s to satisfy their customers. These data rates are usually
hard to be accommodated in the traditional frequency bands. However, the wide
unlicensed frequency band around 60 GHz enables short-range communications with
such high data rates [175-176]. A good candidate for the 60 GHz spectrum applications
is Wireless Personal Area Network (WPAN) which provide short range (< 10 m), very
high speed (> 2 Gb/s) multi-media data services to computer terminals and consumer
appliances located in office area, rooms, hot spots and kiosks [177]. Another interesting
concept for the 60 GHz band is the millimeter-wave identification (MMID) that can read

batteryless wireless mass memories in a few seconds with high data rate [178].

Antenna reconfigurability provides the means to adapt antenna frequency, pattern and
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polarization to specific propagation environments in real time, leveraging antenna
parameters to increase system performance [179-181]. In particular, pattern
reconfigurable antennas can maneuver away from the noisy environment, improve
security and save the power, all by pointing the radiation beam towards the specific
customers [182]. These hallmarks used to be achieved with phased antenna arrays, which
consume more surface area on substrate and are more complex to employ [183]. However,

recent studies of reconfigurable antennas led to new solutions for this task [184-185].

In following section, nine individual antennas were designed with different dipole and
microstrip-to-CPS transition delay line to operate in the same spectrum (57 GHz — 66
GHz WPAN band), while the beam direction in E-plane sweeping from -20° to +20° in 5°
steps. Five of these antennas have been fabricated and measured to discover the real world
performances. All designs use the same quarter wavelength matching network. Successful
demonstration of reconfigurability will lead to the future integration of RF MEMS on a
single device, to build pattern reconfigurable antenna (which can replace phased antenna

arrays) to save space on the substrate, and to achieve lower energy consumption.

5.2.2. ANTENNA DESIGN

The configuration of proposed quasi-Yagi antenna is shown in figure 5.4, while its
parameters are listed in table 5.1. The antennas’ top metallization consists of a driven

dipole, two parasitic directors and a microstrip-to-CPS transition. The backside truncated
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ground plane acts as a reflector element. The combination of the directors, driven dipole
and the reflector forms a four element quasi-Yagi array which has an end-fire radiation
pattern. These components are deposited and patterned with gold using surface
micromachining technology. The elements and feeding structures are created on a low-
loss quartz substrate with a thickness of 0.25mm and the relative permittivity of & =3.75.
The quartz substrate is chosen because it has a whole set of well-established fabrication

processes to construct MEMS loaded pattern reconfigurable antenna in the future.

Figure 5.4. Schematic layout of the 60 GHz quasi-Yagi antenna
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Table 5.1. Antenna dimension parameters (unit:

jum)

L W L1 L2 L4
5740 4000 860 1000 550
L5 L6 L7 L8 Ls
400 500 1230 700 3000
W1 W2 W3 W50 S
180 70 350 530 24

The innovation of this design is to make dipole driven arms unsymmetrical. After many
attempts, an important discovery has been made that when two driven dipole arms are fed
out of phase (not exactly 180 degree), the radiation pattern will shift towards the arm on
which that signal is delayed. By precisely tuning the length of two driven dipole arms [.3a
and L3b, and the microstrip-to-CPS transition delay line length L7, the radiation beam
can be easily pointed toward the direction that system requires. Based on the simulation
results, it has been found that when solely increase the left dipole arm L3a or the delay
line L7, the radiation pattern will shift toward the left (figure 5.4) and the operating
frequency will move to lower band; and when shorten the L3a or L7 the trend reverses.
The results of varying the length of right arm L3b are quite different from the former two
parameters; they only change the center frequency, but not the radiation direction. This is

considered to cause by the coupling between the delay line and the right arm.

Based on the observations provided above, we can steer the beam at different directions
respect to the end-fire direction in E-plane (z-x plane in figure 5.4) by changing the balun
and left arm length, then compensate the frequency shifting by adjusting the right arm
length. This is an innovative way to create pattern reconfigurable antenna: modifying the
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physical length of only two or all of these three parameters with RF MEMS switches,
while maintaining the good impedance match and the directional radiation pattern. The

H-plane (z-x plane in figure 5.4) radiation pattern will not be affected by the changes.

Nine antennas have been designed and simulated, to verify the ability of continuous
sweep main beam direction 0  from -20° to +20° (figure 5.4) in 5° increments,
maintaining good frequency response at 60GHz band by adjusting only these three

parameters. The details of the antennas are listed in the table below.

Table 5.2. Nine antennas’ parameters

Angle (°) | -20 -15 -10 -5 0 +5 +10 | +15 | +20

L7 (um) | 1340 | 1230 | 1230 | 1230 | 1230 | 1230 | 1235 | 1150 | 1070

L3a (um) | 1070 | 1020 | 950 | 880 | 810 | 775 | 740 | 690 | 630

L3b (um) | 520 | 540 | 580 | 650 | 810 | 780 | 780 | 900 | 1020

5.2.3. SIMULATION RESULTS

)
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Figure 5.5. Simulated reflection coefficient vs. frequency (45GHz-75GHz) for nine antennas with radiation

beam shift of: (1) -20°; (2) -15°; (3) -10°; (4) -5°; (5) 0°; (6) +5°; (7) +10°; (8) +15°; (9) +20°
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Table 5.3. Simulated antenna center frequency

Angle (°) -20 -15 -10 -5 0
Centre Freq. (GHz) 60.8 60.1 60.5 59.8 59.2
S11 (dB) -2045 | -18.93 | -21.42 | -23.82 | -27.13
Angle (°) +5 +10 +15 +20
Centre Freq. (GHz) 60.0 60.3 60.2 58.2
S11 (dB) -30.02 | -54.28 | -49.13 | -18.73

The antennas were analyzed using ANSYS HFSS. As can be seen in figure 5.5, all the
antennas with the same director components and quarter wavelength matching network
demonstrate good impedance matching with S11 < -18dB at the center frequencies of

60GHz, while the operating band covers from 57 GHz to 66 GHz.

Figure 5.6. Simulated antenna E-plane radiation patterns, maximum beam direction steered from -20° to +20°

at 5° steps (normalized gain)
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Table 5.4. Simulated antenna realized gain

Angle (°) -20 -15 -10 5 0
Gain (dB) 5.82 6.21 636 | 6359 | 6.417
Angle (°) +5 +10 +15 +20
Gain (dB) 6.57 | 6762 | 6821 | 6.529

Figure 5.6 shows that the simulation results of E-plane radiation patterns are distributed
exactly as we intended, the maximum radiation directions of nine quasi-Yagi antenna has
been tune to -20° to +20° at 5° steps. The realized antenna gain is presented in the table
5.4. All the antennas achieve good radiation performance; the table exhibits small gain

variations from 5.82 to 6.821 dB.

5.2.4. FABRICATION

Five antennas with radiation beam shift from -20° to +20° at 10° steps have been
fabricated in Australian National Fabrication Facility (ANFF) lab in UNSW. Four pieces
of wafer were fabricated, each contains nine antenna structures (for redundancy) and one
back-to-back structure. Fabrication processes started with backside photolithography,
where negative photoresist 2035 was used to pattern the truncated ground plane structure.
Then 1um of gold layer was deposited using Lesker thermal evaporator and lift-off the
unwanted gold (figure 5.7). After that front side mask need to be aligned with the backside
pattern and another photolithography was done to pattern the front side antenna and feed
line structures. 1um of gold film was deposited and lift-off to form the front side structure

(figure 5.8). The wafer then need to be dice by DAD 3240 dicing saw with diamond blade
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specialized in cutting silica substrate. Finally the pin structure was diced using

femtosecond laser cutting machine (figure 5.9).

(@

(b)
Figure 5.7. (a) Substrate with deposited gold layer and (b) backside gold pattern after lift-off

Figure 5.8. Substrate with two sides gold patterns
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Figure 5.9. Backside of the structure after dicing

The antennas need to be bond to a microstrip-to-waveguide transition block then mounted
on the positioner in the anechoic chamber in The Commonwealth Scientific and Industrial
Research Organization (CSIRO) ICT Center. Epoxy was used for bonding the structures.
Epoxy is best known as a type of durable glue that provides a high level of bonding
properties that are far superior to most ordinary paste style glues. The antennas were
assembled in CSIRO lab where the Epoxy was cured at 120°C to form a strong adhesion

layer between gold ground plane and the brass transition block (figure 5.10).

Figure 5.10. Antenna and transition block assembled on heating platform under microscope

116



5.2.5. MEASUREMENT

To measure the reflection coefficient and radiation patterns of devices, a well-designed
microstrip-to-waveguide transition based on the standard WR-15 rectangular waveguide
was optimized and built. Figure 5.11 shows the schematic design of the transition, the
distance d (figure 5.11(a)) between the inserting pin on substrate and waveguide shorted
top is a critical parameter for the performance. The CAD files are provided in figure 5.12,
the transition block is mechanically machined out of brass. The waveguide (figure 5.12(a))

and the back short (figure 5.12(b)) were aligned with two screws and an alignment pin.

(@)

(b)

Figure 5.11. Schematic design of the microstrip-to-waveguide transition
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(b)
Figure 5.12. AutoCAD design of the (a) waveguide and (b) back short

Unlike the high precision surface micromachining, the mechanical manufacturing has its
limitations when come to small devices that intended to work at 60 GHz. The tolerances
and errors of mechanical fabrication introduce certain degradation in performance of the
transition. Figure 5.13 shows the relatively rough edges of the waveguide and the errors

in waveguide dimensions.
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Figure 5.13. Photographs of the waveguide (left) and top back short (right)

The measured back-to-back transmission loss is shown in figure 5.14. The insertion loss
of the back-to-back transition block is less than 0.6 dB and the return loss is better than

20 dB across the interested bandwidth.

Figure 5.14. The measured back-to-back insertion loss S21 and return loss S11

Figure 5.15. Photographs of the quasi-Yagi antenna bonded on the microstrip-to-waveguide transition (left)

and antenna mounted on testing positioner in anechoic chamber.
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Figure 5.15 shows the photographs of quasi-Yagi antenna integrated with the transition

block and the CSIRO antenna measurement chamber.

The simulated and measured reflection coefficients (S11) of five antennas are shown in
figure 5.16. All the antennas with the same director elements and matching network
exhibit good impedance matching with S11 < -15 dB at 60 GHz, while their operating

bandwidth covered 57 GHz - 66 GHz.

SI1 (dB)
o

o5 —+Meas. S11 |  ===5im{S11l

50 55 60 65 70
Frequency (GHz)

(@)

S11 (dB)

—Meas. S11 | = ===Sim}s11

50 55 60 65 70
Frequency (GHz)

(b)

120



—E-Meas. s11 ---SiméSll

50 55 60 65 70
Frequency (GHz)

©

S11 (dB)

-30 ; i .
—+Meas. S11 : =-==5im;S11
35 : : !
50 55 60 65 70
Frequency (GHz)
(@)
0

S11(dB)

—+Meas. 511 |  ===SimjS11

50 55 60 65 70
Frequency (GHz)

(e
Figure 5.16. Simulated and measured S11 for antennas with beam shift of: (a) -20° (b) -10° (c) 0° (d) 10° (e) 20°

121



There are some slight frequency shifts between the simulated and measured results (figure
5.16). These shifts may have been introduced by the tolerances in fabricated dimensions
of the transition block and the antennas, and the packaging errors. The packaging was
done by hand, using conductive epoxy to bond the quartz substrates to the WR-15
transition blocks under the microscope. It is possible that the thickness of epoxy layer

caused a discrepancy in performance of antennas.

The bulky transition block made of brass degrades the performance of quasi-Yagi
antennas in terms of the frequency responses and radiation patterns, when compared the

simulation results of antennas with and without transitions (figure 5.5).

The far-field radiation patterns were measured in an anechoic chamber; the results for the

co- and cross-polar radiation patterns at 60 GHz are compared in following figure 5.17.
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Figure 5.17. Simulated and measured E-plane co- and cross-polar radiation patterns at 60 GHz for five

antennas with radiation beam shift of: (a) -20°; (b) -10°; (c) 0°; (d) 10°; (e) 20°

Due to the bulky waveguide transition structure and antenna positioner, the radiation
patterns were only measured for the angles from -75° to 75° (figure 5.15). As can be seen
from figure 5.17, a good agreement between the simulated and measured results is
achieved for co-polarization; distortions of the cross-polar radiation patterns are because
of the mechanical fabrication precision of waveguide structure is limited, so the distance
between truncated ground plane edge and transition block is varied from the simulation
condition. Beam shifts of quasi-Yagi antennas are clearly observed and maximum beam
direction has been tuned to -20° to +20° in 10° steps as we intended. In other words,

pattern reconfigurability of designed quasi-Yagi antenna has been successfully proved.

Judging by the results, the H-plane radiation patterns are not affected by the changes of

dipole driven arms or the balun dimensions.
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Gains of the antennas were measured using the gain comparison method [186], where the
received power of the antenna under test is compared with a standard horn antenna of
known gain. The realized maximum gains are listed in table 5.5. All antennas achieve
good radiation performance and efficiency. Variation between the predicted and measured
gain is within 0.8 dB, and this is considered to cause by additional losses in the microstrip-

to-waveguide transition. The estimated uncertainty in the gain measurements is 0.5 dB.

Table 5.5. Realized maximum gain of five antennas

Angle (°) -20 -10 0 +10 +20

Gain (dB) 6.91 6.72 6.35 6.28 6.33

5.2.6. CONCLUSION

This section proposed an innovative design method of pattern reconfigurable quasi-Yagi
antenna and the experimental results have proved the feasibility of this methodology.
Measurements shows that the E-plane radiation pattern of quasi-Yagi antenna can be
controlled by tuning the lengths of driven dipole arms and the microstrip-to-CPS
transition delay line without change of the operating frequency band. Five quasi-Yagi
antennas using same elements but different dimensions of dipole arms and delay line have
been successfully designed, fabricated and assembled to point their maximum radiation
direction from -20° to +20° with 10° spacing. The working spectrum covers WPAN band.
This work provides a solution suitable for future pattern reconfigurable antenna design,
in which a single antenna can sweep its beam in E-plane by employing the RF MEMS

switches, to alter the electrical lengths of its dipole arms and the balun.
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5.3. RFMEMS INTEGRATED PATTERN RECONFIGURABLE QUASI-
YAGI ANTENNA

Based on the discovery detailed in last section, a 60 GHz MEMS integrated pattern

reconfigurable antenna was designed. The E-plane radiation beam of the monolithic

antenna can be point at -15°, 0° and 15° while maintain a decent realized gain and

operating frequency band of WPAN band.

5.3.1. ANTENNA DESIGN

Figure 5.18. Schematic layout of pattern reconfigurable antenna

The configuration of the proposed reconfigurable antenna is shown in figure 5.18. The

dipole elements and feeding structures are deposited on the quartz substrate (&, =3.75
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thickness h = 0.254mm, tand = 0.0004), on which the RF MEMS switches are fabricated.
Twelve RF MEMS switches are embedded in gaps on the driven dipole and microstrip-
to-CPS transition as in figure 5.18. Each dipole gap has two switches (form a group)
located at the edges of the dipole because the edges have strongest surface current
distribution. Switches are numbered from 1 to 8, the grouped switches that bridging the
same dipole gap have the same number because they will be actuated at the same time.
By controlling the biasing voltages applied on the beams and the electrodes of the RF
MEMS switches, the effective lengths of the dipole driven arms and transition delay line

are changed so that the radiation beam direction of the antenna is shifted.

Biasing lines and electrodes are defined by evaporating 110 nm layer of germanium (Ge)
thin film. Then a 300nm thick silicon dioxide ( Si0,) layer is deposited and patterned to
cover the Ge Biasing lines. The thin dielectric film is used for preventing direct contact
between the gold cantilever and the Ge electrode. The antenna structure and the feeding
network are defined by E-beam evaporating of 0.04/1.0 um layer of titanium/gold (Ti/Au).
Titanium is used for adhesion layer between the gold and substrate. The length of the

cantilever beam is 80 um and the actuation gap is 2.5 pm.

In this design, a high resistive Ge biasing network is proposed as shown in figure 5.19.
The measured conductivity of the annealed Ge is less than 1000 Siemens/m which is 7600

times smaller than the conductivity of Cr. The Ge biasing network with such low
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conductivity is invisible to the antenna structure at 60 GHz and it has very little effect on
antenna’s performance. The dimple of the cantilever beam is facing outwards and the
anchor is placed on the inner side of the dipole elements so that all the switches can share
the OV (reference DC ground). To simplify the biasing network, the electrodes of the RF
MEMS switches that actuated at the same time are connected together as a group. The
biasing lines in red color are extended to connect to biasing pads where positive voltage
is applied (+V1) to control the switch actuation. It is noted that there is no current between
the cantilever beams and electrodes while the switches are actuated. This feature
guarantees that the cascaded electrodes will be able to share the same biasing voltage of
+V1. When the biasing voltage is applied to the electrodes on same side of the dipole arm,
the dimple of the RF MEMS switches will be pulled down touching the gold dipole (ON
state). Therefore, the gap is bridged to form longer dipole arm to steer the radiation pattern.

The switching mechanism is shown in table 5.6.

Table 5.6. Switching mechanism for three states with beam shift of: -15°, 0°, 15°

Radiation shift ON state switches OFF state switches
-15° 1,2,5,6 3,4,7,8
0° 2,3,5,6 1,4,7,8
15° 3,4,7,8 1,2,5,6

Release holes are added on the cantilever beams to strip out the sacrificial layer. The pull-

down voltage is decided mainly upon the width and length of the cantilever beam as well

as the actuation gap. This voltage is calculated to be 40 V.
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Figure 5.19. Resistive biasing configuration for the proposed reconfigurable antenna. Zoomed-in diagram

shows the detail of the biasing line and the orientation of the RF MEMS switches.

5.3.2. SIMULATION RESULTS
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Figure 5.20. Reflection coefficient of antennas with and without microstrip-to-waveguide transition block for

different beam shift: (a) -15° (b) 0° (¢) 15°

As can be seen in the figure 5.20, the microstrip-to-waveguide transition block does add
certain frequency shift to the antenna. The operating spectrum of antennas with or without
transition block with good impedance matching (|S11| < -10 dB) is sufficiently large to

cover 57 GHz — 66 GHz WPAN band.
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Figure 5.21. Simulated antenna E-plane radiation patterns, maximum beam direction steered of: -15°, 0°, 15°

(a) antennas without transition (b) antennas mounted on transition (normalized gain)

As shown in figure 5.21, the antenna radiation pattern reconfigurability is clearly
observed. The transition block add some ripples on the radiation patterns and affect the
maximum beam direction. Although the maximum beam width of 0° antenna with
transition is shifted to +16° (figure 5.21 (b)), the half power beamwidth (HPBW) is still

unchanged (covers -38° to +39°) which centered at 0.5°. The total coverage of monolithic
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reconfigurable antenna is from -54° to +58°, which is 31° more that the fixed single Yagi
antenna. And the pattern reconfigurability gives monolithic antenna more flexibility to
point its beam at intended customer’s direction while avoid the noise from unwanted

directions. The antenna’s realized gains are listed in the table below.

Table 5.7. Simulated antenna realized gain (dB)

Angle -15° 0° 15°
Gain without transition 6.62 6.31 6.06
Gain with transition 6.69 6.68 7.71

5.3.3. FABRICATION

Figure 5.22. Seven layers mask for antenna fabrication

A seven layers mask has been designed and fabricated for the monolithic antenna
fabrication. The fabrication is under progress, and fabrication processes details are

provided in the next chapter.
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5.3.4. CONCLUSION

In this section, a new RF MEMS-integrated millimeter-wave pattern reconfigurable
quasi-Yagi antenna is proposed. The E-plane radiation beam direction is switchable
between -15°, 0° and 15°by actuating of the RF MEMS switches employed on the driven
dipole and transition delay line elements. The total coverage of monolithic antenna is
from -54° to +58°, which is 31° more that the fixed single Yagi antenna while maintaining
good reflection coefficient and realized gain at WPAN band (57 GHz — 66 GHz). This
antenna, only take space same as a fixed printed Yagi antenna, is much smaller compared
to the phased array which requires at least two antennas and complex phase shifting
network. A germanium very low conductivity biasing configuration is proposed. The low
conductivity make the biasing network invisible to the antenna structure therefore
guarantees the excellent radiation performance. This is the first monolithic antenna
utilizing Ge and integrating its deposition into the fabrication process. The next step of

work will focus on the fabrication of the antenna.
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5.4. RHCPPATTERN-RECONFIGURABLE SPIRAL ANTENNA BIASED
WITH TWO DC SIGNALS

In this section, a right-hand circularly-polarized (RHCP) beam steering spiral antenna is
presented. It was designed using the standard PIN technology, while enhanced the arm
switches and biasing lines. The design is easily manufactured and its function is
competitive with the more complex ones based on RF MEMS. Three beams, tilted 40°
with respect to the spiral central axis, are generated at 3.3 GHz for WiMax systems. These
beams are directed at approximately 90°, 180°, and 270° (case 1-3) in the azimuth space.
Beam directions depend on various configurations of the seven PIN diodes added to the
spiral structure. The states of the diodes are controlled by the DC bias voltage connected
to the spiral arm. The radiation performance over the 200-MHz-bandwidth (3.2 - 3.4GHz)
is relatively stable. The measurement results shows good impedance match (|S11| <-10dB)
in the desired bandwidth and the axial ratio below or close to 3 dB at the peak beam

directions. This work was a collaboration with postgraduate student Liang Gong.

5.4.1. INTRODUCTION

Spiral antennas feature circular polarization and broad frequency band. Many designs
have been reported with switching circuits on the spiral arm to achieve pattern
reconfigurability [187-190]. In [2], the packaged RF-MEMS switches are inserted into
the spiral arm to reconfigure the radiation pattern between end-fire and broadside.

Capacitors and resistors were used to build the biasing networks, enabling automatic
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reconfigurability. In [3], more beam directions are achieved when monolithically
integrated RF-MEMS switches are used. High impedance surface were used to get wider
coverage in the azimuth plane and to decrease thickness of the substrate in [4]. However,

no biasing strategy has been proposed due to the use of the high impedance surface.

5.4.2. SPIRAL ANTENNA DESIGN

The spiral arm is fabricated on Rogers 4350 using conventional circuit printing
technology. This substrate has dielectric constant of 3.66. The total thickness is set to be
11.43 mm, which is approximately a quarter of guided wavelength at the operating
frequency. As 11.43 mm thick Rogers 4350 is not commercially available, seven
substrates of 1.524 mm thick and one of 0.762 mm thick are stacked together to achieve
this thickness. Four plastic screws are placed in the corners of the substrate to minimize

the air gap between adjacent laminates and avoid loss and interference.

The spiral arm is composed of multiple copper traces with the first strip of length a=4.8
mm. The subsequent lengths increase, following the pattern a, 2a, 2a, 3a, 3a... 7a, 7a, 8a;
this is closed off with the last strip of 3 mm long. The spiral structure is center-fed through
a coaxial SMA connector, with its outer conductor soldered to the ground plane and the

inner probe connected to the center of the top trace.

This work uses seven switches and two bridges on the antenna. PIN diode model
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MA4AGBLP912 was used in this design gives a series resistance of 4Q) at ON state,
isolation of 30 dB at OFF state, and a total capacitance of 28 fF. Current threshold for
switching ON the diode is around 10 mA. Typical voltage to actuate the switches is 1.4
V. Two DC bias signals, DC1 and DC2 along with a DC ground are connected to the spiral
arm to actuate the switches and alter the current distribution. DC1 is superimposed with
the RF signal via the inner conductor of the coaxial cable connecting with a bias-tee,
while DC2 and DC ground are applied to the spiral arm via the side biasing pads on the
edges of substrate. Specifically, Pad 1 is reserved for DC2, while both Pad 2 and Pad 3

are connected to the DC ground.

The equivalent circuit of the biasing network is illustrated in figure 5.23. Both positive
and negative voltages are required to satisty the switch states for Case 1 - 3, presented in
table 5.8. For instance, to enable Case 3, the DC1 and DC 2 are set to +4.2 Vand -1.4 V
respectively. During the measurements, two 68 Q resistors are used to limit the current
increment and prevent damage. Extra Ampére meters are used for monitoring the current.
The resistors and Ampéere meters are not compulsory components for the antenna system

if the voltages can be tuned precisely by the DC voltage source.
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Figure 5.23. Equivalent circuit of the biasing network

Table 5.8 switching mechanism for case 1-3

SW1 SW2 SW3 SW4 SW5 SWo6 SW7
Case 1 OFF ON OFF ON OFF OFF OFF
Case 2 ON OFF ON ON OFF OFF ON
Case 3 ON OFF ON OFF ON ON ON

In general, bias networks and filters, which consist of capacitors and inductors, are
necessary for biasing PIN diodes while blocking RF signals from flowing to DC sources.
As a result, the via-holes need to be drilled on the substrate. In this design, the substrate
is too thick to make via-holes from the top to the bottom layer. Instead, quarter wavelength
open stubs are applied to choke RF signals. Both biasing lines and matching stubs are set

to be a quarter wavelength long to ensure the signals are open-circuited at the pads.
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5.4.3. MEASUREMENTS

All of the measurements are carried out in CSIRO ICT Center. S-parameter is measured
by Agilent E8363B PNA Network Analyzer. Figure 5.24 shows both the simulated and
measured S-parameters for the different cases. It can be seen that the return loss is better

than 10 dB for all the cases in the 3.3 GHz band.
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Figure 5.24. Simulated and measured reflection coefficient of: (a) case 1, (b) case 2 and (c) case 3

For radiation pattern, it would require a 3-D pattern to sketch the shape of spiral antenna
radiation. However, it is not feasible considered that this task needs infinite measurements
for three cases. Therefore, the actual measurements are guided by the simulated maximum

¢ (azimuth angle), and then plot the radiation patterns with corresponding 6 (elevation

angle).
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Figure 5.25. Antenna test equipment setup
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Figure 5.25 illustrates a general setup for radiation pattern measurement for elliptically
polarized antennas. There are two rotating elements in this configuration: one is the
positioner on the antenna under test (AUT) side, while the other one is the rotating linear

transmit antenna.

Three different methods are proposed for measuring this elliptically polarized antennas:

1) Using a rotating transmit antenna with linear polarization. One example is shown in
figure 5.26. The upper contour represents the maximum power received by the AUT
at a certain direction, and it gives the total radiation gain combines the left-hand
circular polarization (LHCP) and right-hand circular polarization (RHCP) gains. The
lower contour represents the minimum power received which gives the subtraction of
the left-hand circular polarization (LHCP) and right-hand circular polarization
(RHCP) gains. The distance between the upper contour and the lower contour gives

the axial ratio (AR). Then the LHCP and RHCP radiation pattern can be calculated.
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Figure 5.26. Total radiation pattern for case 3 at 3.3 GHz

2)

3)

The second method for extracting the individual polarization pattern is to employ two
standard circular polarized antennas, in our case cavity-backed Archimedean spiral
antennas, one for RHCP and another one for LHCP, to measure the AUT separately.
This method is quite straightforward but the drawback is that the precision relies on
the circular polarization purity of the standard CP antennas. It is difficult to fabricate
a pure circular polarized antenna, so the LHCP proportion in a RHCP transmit antenna
leads to errors for the radiation pattern and gain.

The third approach proposed is to measure the AUT with two orthogonal cuts. The
testing equipment setup is same as the first method, except that the transmit antenna
does not spin this time. Initially, set the linear polarized transmit antenna in the
vertical position, records the power and phase received by the AUT. Then rotate the
transmit antenna to horizontal position, and record the power and phase again. After

that the collected data is processed based on follow equations.
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If the complex voltage terms in the horizontal and vertical planes (or any two

orthogonal cuts) E, and E are of equal amplitude and in phase quadrature (+90°),

these terms may be combined to express either the RHCP or LHCP wave components:

| 1
Eryer = %(EH +JE,) (1)and Ejyep = %(EH - JE,) (2)

Let the real and imaginary components of the horizontal and vertical response be
expressed as

E,=E, +JE,

Where

E,=H,cos(H,); E,=Hsin@,

And

E, =E, + jE,

Where

E,=V,cos(V,);  E,=VsinC,

The horizontal and vertical amplitude (H,,V,) and phase components (H,,V,) are
quantities that are measured at each angle 0 in the far field of the antenna. Inserting

into (1) and (2) gives the field in the two hands of polarization

E

1
RHCP —E{[

H  cos(H,)-V, sin(V,)]+ jIH sin(H,)+V, cos(V,)]}

E

1
LHCP — ﬁ{[

Then we can calculate the radiation pattern using computer.

H  cos(H,)+V, sin(V,)]+ jlH  sin(H,) -V, cos(V,)]}

142



Figure 5.27 compares the RHCP and LHCP patterns generated by the method 2 and 3. In
order to provide an easier comparison, all of them have been normalized with respect to
the corresponding maximum RHCP values. The results are quite similar which means the
proposed methods are feasible for measuring the circular polarized antenna. Considering

the purity problem in method 2, all the final results were generated using method 3.

Figure 5.27. Normalized radiation patterns measured by cavity-backed Archimedean spiral antennas: LHCP

(red) RHCP (green) and two orthogonal linear polarized antennas: LHCP (purple) and RHCP (blue)
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Both the simulated and measured radiation patterns (with method 3) for LHCP and RHCP

radiation patterns at 3.3 GHz are compared in figure 5.28.

(@ (b)

(©
Figure 5.28. Radiation patterns at 3.3 GHz for (a) case 1, ¢=93°, (a) case 2, ¢=268°, (a) case 3, p=183°

As the spiral arm is center-fed and right-hand winded, it mainly radiates the RHCP wave.
The measured RHCP patterns follow the same trend as the simulated ones while the
measured LHCP results do not always resemble the simulation; this suggests possible

polarization degradation. This could be due to biasing of the cables attached to pads.
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Table 5.9 summarizes parameters and measurement results at different frequency points,
(3.2, 3.3 and 3.4 GHz) in terms of their maximum beam directions, showing the maximum
gain and axial ratio (AR) at each direction. The maximum beam directions and the gains
are dependent on frequency. The gain drops dramatically outside this frequency range,

and the main beam splits.

Table 5.9. Summary of simulated and measured parameters for the proposed antenna.

. Max RHCP gain Max theta AR Max RHCP gain at AR

Freg. Phi (sim.) (sim.) (sim.) Max theta (meas.) max theta, phi (meas.) | (meas.)

3.2GHz 105.0° 4.75 dBic 36.0° 1.80dB 44.5° 3.82 dBic 5.43dB

Casel | 3.3GHz 93.0° 4.97 dBic 37.0° 3.39dB 27.5° 4.61 dBic 1.84dB
3.4GHz 83.0° 4.50 dBic 36.0° 3.76 dB 36.5° 4.48 dBic 2.24dB

3.2GHz 271.0° 3.94 dBic 34.5° 4.19dB 28.0° 4.66 dBic 247 dB

Case2 | 3.3GHz 268.0° 4.93 dBic 36.0° 3.68dB 34.0° 3.27 dBic 455 dB
3.4GHz 231.0° 5.25 dBic 29.0° 4.24dB 46.5° 2.32 dBic 3.65dB

3.2GHz 188.0° 4.72 dBic 38.5° 4.63dB 34.0° 3.34 dBic 2.93dB

Case3 | 3.3GHz 183.0° 4.73 dBic 35.5° 1.63dB 41.0° 3.52 dBic 1.76 dB
3.4GHz 178.0° 4.63 dBic 31.5° 1.25dB 51.0° 1.56 dBic 1.63dB

As expected the measured axial ratio are close to the 3-dB criteria indicating a relatively
pure polarization is realized. The measured gain and axial ratio do not always agree well
with the predicted ones, suggesting that the beams have shifted away from the simulated
maximum beam directions. The discrepancy may due to the poor manual alignment of
the azimuth angle with the simulated maximum ¢. In addition, the biasing lines, pads, and
open-circuit stubs, even though finely tuned, become radiating elements of the antenna

and therefore some performance deterioration is inevitable.
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5.4.4. CONCLUSIONS

A beam steering spiral antenna is realized using PIN diodes switches. Wide beam
coverage is achieved around 3.3 GHz. Antenna parameters are measured at 3.2, 3.3 and
3.4 GHz. RHCP patterns are almost identical to the simulated patterns while a discrepancy
occurs for LHCP ones. Although some discrepancies exist between the simulations and
measurements, the present work clearly validates the proposed solution for a

reconfigurable spiral antenna.
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CHAPTER 6

FABRICATION PROCESSES

This chapter discusses the fabrications issues. These issues cover micromachining
techniques and the processing problems encountered during the fabrication of RF MEMS
switches. A seven masks MEMS integrated monolithic antenna fabrication procedure is
proposed for the first time in the University of New South Wales. Major optimizations of
the fabrication processes have also been demonstrated. All the discussion is based on the

equipment available in Australia National Fabrication Facility (ANFF) labs in UNSW.

6.1. OVERVIEW

Micromachining plays a vital role in the vast progress of MEMS. It is a key to the door
of creating micro-scale moveable complex structures on a substrate. The basic approach
starts from material deposition, patterning with photolithography process and then

removing the unwanted material through etching to form the shape of the structure.

6.1.1. MATERIAL ISSUES

Surface micromachining is widely used for the fabrication of RF MEMS switches. This

technique allowing any metal which can be deposited as a film to be utilized for building
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the mechanical structure. The use of films in RF MEMS fabrication presents number of
challenges due to their inherent properties. For each deposition method, the deposition
parameters are optimized to control the deposition conditions which lead to the desired

electrical as well as mechanical characteristics of metals.

Properties like residual stress and dielectric degradation are critical to the device
operation. Any leakage or breakdown of the dielectric layer can lead to the device failure.
Any residual stress particularly stress gradient for cantilever beam switches imparts a
bending force that can affect the shape of the structure. Stress that develops during the

deposition of film can lead to cracking, buckling or blistering.

6.1.2. PHYSICAL VAPOR DEPOSITION

Among different depositions methods, PVD is the most important one. The major
advantage of PVD is that the deposition occurs in the line of sight from target directly to
the substrate. Evaporation uses boiling or sublimation to obtain the vapors from a heated
material (target) then the vapor forms a thin film on a cooler substrate located above the
target. The boiling or sublimation is conducted in vacuum chamber. The vacuum reduces
the chance of any undesirable reaction between vapored target material and atmospheric
gases, the product of which will contaminate the deposited metal film. The film thickness

is controlled by measuring the time of operation as well as the detecting crystal.
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There are two types of commonly used metal evaporation techniques: the resistive and e-
beam evaporation. Resistive evaporation is mainly used in the laboratories and e-beam
evaporation is mostly used for the industrial application. In our fabrication process, both
resistive and e-beam evaporation have been used. Resistive heating (or thermal
evaporation) is one of the oldest and simplest way of depositing the thin metal layer. It
utilize electrical current to heat a tungsten boat or filament that contains the target metal
to vaporize the material. In the e-beam evaporation, a high intensity (3-20keV) electron
beam gun is focused on the surface of the target metal held within the recess of a water
cooled hearth. This electronic beam is magnetically directed and focused electrons to heat

and melt the target material.

6.1.3. SPUTTERING DEPOSITION

In sputtering process, the target at a high negative potential is bombarded by argon ions
created in plasma. The target metal atoms are sputtered away and ejected on the surface
of the substrate forming a deposited film. The sputtered films result in superior adhesion
as these ejected atoms with high ejection energies of 10-100eV can penetrate at least one
to two atomic layers deep into the substrate surface. As compared to evaporated films
which are mainly used for the lift-off process, the sputtered films are preferred when

conformal films on high aspect ratio surface features are required.
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6.1.4. ETCHING

Two methods are mainly used in material etching during the RF MEMS fabrication
process: wet and dry etching. Wet etching is a technique for selectively etching a material
away from the surface of a wafer with dedicated chemical solvent. During my process, I
have used Au etchants to remove unwanted gold and hydrofluoric acid (HF) to clean
oxide layer. Dry etching uses RF plasma and chemical etching to remove the materials.
The hollow cathode RIE and Denton Vacuum Inc. PE-250 O2 plasma are used for etching

polyimide and photoresist respectively.

6.2. MATERIAL CHOICES

6.2.1. CHOICE OF SUBSTRATE

The choice of the substrate depends on the application of the circuits as well as the
fabrication feasibility of RF MEMS switches. The semiconducting substrates such as
silicon have significantly high dielectric losses along with high conductive losses due to
large number of free carriers in the doped material as compared to ceramic substrates.
Especially for antenna applications, the losses will severely degrade the RF performance

and the radiation gain, so silicon substrate is ruled out.

I have selected quartz substrate with low dielectric constant (&, =3.75) for the fabrication

of the RF MEMS switches. These substrates were fabricated by CoorsTek Inc. with 99.6%
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purity. The thickness of the substrate is 250um and an extremely low loss tangent of
0.0001. Unlike the most of conventional antenna substrates, the quartz substrate is
compatible with the well-established standard CMOS fabrication process, so the chemical

agents can be used freely on the wafer.

6.2.2. METAL SELECTION

Metal selection is a critical step in overall switch design and fabrication to ensure
compatibility with the fabrication process. Contact material should be selected carefully
as its contact resistance is an important criterion. Other than that, metal sticking behavior,
life time, environmental and packaging compatibility are also need to be taken into
consideration. An ideal choice of metal should be a good conductor of electricity and

resistance to oxidation.

Gold (Au) is a metal which is frequently proposed for the fabrication of these types of
devices. Gold can be deposited using PVD or electroplating techniques and is compatible
through the fabrication processes such as deposition, lithography and etching. Gold
happened to be the most resistive metal to the oxidation. Only copper and silver are better
than gold in terms of transferring of heat and electricity, but unlike these metals gold does
not tarnish which makes it indispensable in electronics. For micro switches, gold is mostly
used as a contact material for its superior conductivity and its compatibility with MMICs.

Gold is selected due to its features.
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6.3. SEVEN-MASK ANTENNA FABRICATION PROCESS

The fabrication of the RF MEMS switches loaded reconfigurable antenna is a seven mask
all metal fabrication process as shown in figure 6.1. All processing steps are developed
on the basis of standard CMOS processes. The fabrication is a seven-mask all metal
process. The procedure starts with the standard wafer cleaning process. The double
polished quartz wafer is used for frontside and backside fabrication. Backside gold
ground planes and alignment marks are deposited by thermal evaporating 1 pm of gold
layer. This layer is patterned with mask 1. Then we flip to the frontside and do the cleaning
process again. DC biasing lines, electrodes and actuation pads are defined by thermal
evaporating 110nm of Ge and patterning with mask 2. The Ge evaporation is done using
Lesker evaporator operating under 10° Torr pressure. After deposition, the Ge layer is
not conductive so we need to put it in the general purpose furnace to reform its crystal
structure. The furnace is set to 500°C and the time i1s manually controlled to be around 5
minutes. The Ge layer is now conductive but with very high resistivity so it will not affect
the antenna performance. A dielectric layer in a series switch serves as an electrical
isolation between the electrode and the cantilever beam. A50nm SiO, layer is deposited
as dielectric layer using Edward sputtering machine and patterned with mask 3. The
antenna structure, impedance matching network and actuation pads (on top of Ge pads)
are defined by thermal evaporating of 50nm/1pum thick layer of Ti/Au and patterned with

mask 4. Ti is employed as an adhesion layer between the Au and the quartz substrate.
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Pattern ground plane Bake sacrificial layer

Pattern Ge biasing network Pattern sacrificial laver

BN

Pattern sputtered S102 Pattern top Au

m
. I,

Pattern E-beam Ti/Au Release sacrificial layer

. Ge . 5102 Au - Top Au - PI sacrificial laver

Figure 6.1. Seven-mask fabrication process for RF MEMS switches integrated antenna
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After that, a 2.5um thick layer of polyimide (PI) is span across the wafer as a sacrificial
layer. The PI needs to be cured at 350°C for 30 minutes in the muffle furnace. Then a
thick layer of photoresist is span and patterned for the anchor and dimple with mask 5and
6 respectively. This is followed by a 1 um thick layer of E-beam evaporated Au which is
patterned with mask 7 to form the cantilever beam. E-beam evaporator is used instead of
thermal evaporator here because it can construct the beam with low residue stress this
feature avoids peeling or cracking of the beam after it is released. Finally, the cantilever

beam is released by using RIE dry etching release process.

A standard one layer photoresist (AZ2035) is used as a mask during the fabrication
process to provide precise pattern definition. The AZ2035 photoresist is a negative
photoresist sensitive to ultraviolet (UV) radiation and can be developed with AZ826
photoresist developer. Throughout the fabrication process, alignment is performed with

Quintal Q-6000 mask aligner with UV light exposure.

6.4. FABRICATION PROCESS OPTIMIZATION

6.4.1. AZ2035 PHOTORESIST CHARACTERIZATION

The AZ2035 is a new type of photoresist which has never been used in the ANFF lab in
UNSW. At first some bubble problem was encountered when developed the photoresist

(shown in figure 6.2 (a)). The bubble problem is because of the humidity on the surface
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of substrate is not entirely expelled during the baking. Some of the bubbles were through
the whole photoresist layer. This led to issue that the small pieces of metal were deposited
on the unwanted area of the substrate. The problem has been solved by introducing
dehydration process and extending the pre-bake time (figure 6.2 (b)). The mature

photoresist process is demonstrated in table 6.1.

(@) (b)
Figure 6.2. Developed photoresist (a) standard CMOS process (b) optimized process
Table 6.1. Optimized photoresist process

Cleaning wafer spin Acetone + IPA
Dehydration bake 3min @110°C, Imin cooling
30s @3000rpm, 3.4pm thickness
Spin photoresist
30s @2000rpm, 4.5pum thickness
Pre-baking Imin @110°C
exposure 8s under 10mw/cm’” UV light
Post-baking Imin @110°C
Develop 60s in AZ 826 MIF, DI water rinsing
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6.4.2. LIFT OFF PROCESS

All the metal layers are patterned using lift-off process instead of wet etching. The lift-
off process can provide clean edges of the structure. For wet etching process, the etching
time need to be precisely controlled and the etchant left dentate edges that jeopardized
the RF performance. During wet etching the gold is protected by a photoresist layer with
same pattern, the gold etchant will etch down to the substrate and then etch sideway to
undercut the gold underneath the photoresist protection layer. The wet etching results for
a slightly longer time are shown in figure 6.3. As can be seen, the gold was etched inward,
while the gold and the silver color Ti adhesion layer’s edges were all attacked by the gold
etchant. The rough edge problem is a big issue for wet etching due to that it will degrade

the performance of the circuit.

(@) (b)

Figure 6.3. Gold wet etching: (a) edges are undercut for slightly longer etching time (b) edges are not smooth
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The lift-off process fully utilize the property of the negative photoresist to form clean

edges on metal structures (shown in figure 6.4).

1
(2) (b)
1
()

Figure 6.4. Negative PR lift-off process: (a) pattern the photoresist (b) deposit metal on the substrate (c) lift-off

the unwanted metal using NMP solution

6.4.3. GERMANIUM ANNEALING CHARACTERIZATION

The Ge is first time introduced to the antennas biasing structure. The conductivity is
studied by following procedure: pattern the substrate with photoresist, deposit the Ge
using thermal evaporator and lift-off, heat it up in the general purpose furnace tube for
certain time, take it out and wait it cooling down to the room temperature then measure
the resistivity using four probe station. The data collected from the experiments are

demonstrated in table 6.2.
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Table 6.2. Ge resistivity measured by the four probe station

Ge 110nm patterned
Temperature (degree) | Time (min) |Current reading (UA)| Voltage reading (mV) | Sheet resistance (Ohm/sq.)

400 60 not conductive
450 12 not conductive
14 not conductive
15 not conductive
15 not conductive
15.5 not conductive
15.75 not conductive

16 45 271 27100

16 45 373 37300

20 45 186.3 18630

25 45 831 83100

34 45 18.3 1830

500 5 45 917 91700

5 45 549 54900

5 45 587 58700

5 45 489 48900

6.5 45 548 54800

6.5 45 2870 287000

8 45 479 47900

As can be seen from the table above, the data is relatively random but the resistivity can
be maintain above 48900€)/sq. for leaving the Ge in the furnace for 5 minutes at 500°C.
This resistivity is sufficiently large for choking RF current that generating on the biasing
lines. The reason for measuring the patterned Ge is that the unpatterned large Ge film has

a different resistivity characteristic under the temperature.

6.4.4. SILICON DIOXIDE SPUTTERING

The silicon nitride is most commonly used as the dielectric layer, but the plasma enhanced
chemical vapor deposition machine is offline in ANFF lab. So a substitution or silicon

dioxide (Si0,) 1s proposed for the dielectric layer using Edward sputtering machine.

Unlike the thermal evaporation or the E-beam evaporation, the sputtering process is not
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directional, which means the sputtered SiO, will cover every corner and hard to be lift-

off by NMP solution. We used to sputter 600nm of gold and failed to lift it off (figure 6.5).

Figure 6.5. Gold lift-off failure

Fortunately, the 300nm thick SiO, layer can be successfully lift-off with smooth edges.

The photographs of lift-off dielectric layers are shown in figure 6.6.

€ (b)
Figure 6.6. Silicon dioxide patterns after lift-off process (a) the SiO2 layer covers the Ge biasing lines and

electrodes (b) the SiO2 layer covers particular segment of the Ge biasing line
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6.4.5. RIE RELEASING PROCESS

The sacrificial layer are commonly released by the O2 plasma asher. After several
attempts, I found that the power of asher is not high enough to etch away the polyimide
layer under the cantilever beam. So reactive ion etching (RIE) is proposed to release the
RF MEMS switch. The process complete in two steps. In step one the etching is done
using high power and low pressure (15scem 02, 180 W, 8 Pa) giving an anisotropic etch
of the polyimide around the cantilever. In step two low power and high pressure (15sccm
02, 50 W, 40 Pa) is used which resulted in isotropic etching of the polyimide underneath
the beam thus giving a free standing structure at the end. The release holes were designed

on the cantilever to assist the etching of the sacrificial layer underneath the beam.
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6.5. CONCLUSIONS

In this chapter, fabrication processes of RF MEMS switches and related issues have been
discussed. The quartz substrate and gold are chosen for their excellent electrical and
mechanical properties. A seven-mask all metal fabrication process is presented. The
annealed Ge conductivity is studied and results show that Ge is an ideal choice integrating
biasing network into antenna structure while maintain its RF performance. The
fabrication equipment and chemical agents used in the processes are detailed in the
appendix. A self-written manual of how to operate all the fabrication machines is also

attached in the appendix.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORKS

The contributions of this research work are summarized as conclusions. Several explored

but uncompleted areas are suggested as the future and continuation work of this research.

7.1.

CONTRIBUTIONS

The key contributions of this research work are outlined as follows.

A 3-bit NEMS delay lines phase shifter has been designed, and optimized with
good electrical performance. Multiple methods are introduced to solve the
problems like high insertion loss of the transmission line, CPW bend phase error
and impedance mismatch of the T-junction.

Two types of slow wave structures were proposed and simulated. The slow wave
structures can significantly reduce the manufacturing cost of microwave circuits
because the cost of printed circuit is mainly decide by the chip size and the
proposed slow wave structure managed to reduce the coupler size down to 28%
and 39% respectively.

Two new RF MEMS-integrated millimeter-wave frequency reconfigurable quasi-

Yagi antenna was designed. The operation frequency of the antenna is switchable
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between the millimeter wave 60 GHz WPAN band (57-66 GHz) and E-band (71-
86 GHz) by actuating of the RF MEMS switches employed on the driven and
director dipole elements. The end-fire radiation pattern of the Yagi antenna is
maintained in both two-bands. As the 60 GHz band and E-band are becoming
available in more and more countries, this technology can provide users with
flexibility of enjoying the fast data transmission speed in both spectrum while
reduce the noise when stay in one selected band. A resistive biasing configuration
using silicon-chromium thin film is proposed. Simulation results have shown that
it has small effect on the antenna reflection coefficient when the surface resistance
is greater than 13.16 ohm/square.

A microstrip-to-CPS transition design problem was unveiled by comparing two
antenna structures using these baluns. Results show that certain type of microstrip-
to-CPS transition cannot provide 180 degree phase change. So it is not suitable
for the applications requires balanced input such as dipole or Yagi antennas. A
new testing method is proposed to use Yagi antenna connected directly to the
transition to test the phase balance. Also the directivity problem shed light on the
possibility of using phase unbalanced transition to control the directivity of Yagi
antenna forming pattern reconfigurable antenna.

An innovative design method of pattern reconfigurable quasi-Yagi antenna were
proposed. Experimental results have proved the feasibility of this methodology.

The design principle and steps are provided. The designed RF MEMS-loaded
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7.2.

quasi-Yagi antenna’s E-plane radiation beam is switchable between -15°, 0° and
15°by actuating of the RF MEMS switches employed on the driven dipole and
transition delay line elements. The total coverage of monolithic antenna is from -
54° to +58°, which is 31° more that the fixed single Yagi antenna while
maintaining good reflection coefficient and realized gain at WPAN band (57 GHz
— 66 GHz). This antenna is a competitor of the phased array. Compared to the
large complex phased array, it has much smaller size and is easy to integrate with
MMIC circuit. A germanium low conductivity biasing configuration is used in
antenna structure for the first time. The low conductivity make the biasing
network invisible to the antenna structure therefore guarantees the excellent
radiation performance.

A seven-mask all metal fabrication process is proposed for the first time for
MEMS loaded reconfigurable antenna. The annealed Ge conductivity is studied
and results show that Ge is an ideal choice integrating biasing network into
antenna structure while maintain its RF performance. The fabrication processes

and chemical agents used in the processes are presented.

FUTURE WORKS

The designed slow wave structures are intended to fabricate using ink-jet printer

with nano silver particle ink. The printing quality is still under testing and working
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procedure is not fully developed. So the next step work is to complete the
fabrication process of this technology and get the first structure fabricated in
UNSW.

The designed MEMS loaded pattern reconfigurable antenna are being fabricating
in the lab. The measurement need to be done as soon as possible to demonstrate

the real world RF performance.
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APPENDIX

Brief introduction of fabrication tools, materials and processes used during RF MEMS
switches fabrication is presented as follows. The equipment is available in the ANFF lab,
the University of New South Wales.
1. Photolithography equipment
1) Photo-mask
It is an optically flat glass or quartz plate with an absorber pattern metal that is
opaque to light and is used to pattern photo-sensitive material on the surface of a
wafer. A typical photo-mask consists of a thick Cr surface coated with photo-resist.
The photo-mask which has been used in this fabrication is a 4x4 inch glass mask
fabricated by Bandwidths foundry.
1) Photoresist
It is a light sensitive material which is deposited on the surface of the wafer.
Depending on the polarity of the photoresist (positive or negative), it is exposed
to the UV light. During development, exposed positive resist area and unexposed
area in case of negative photoresist is removed.
111) PWM-32 Spinner
A tool used to coat the thin layer of photoresist on the surface of the wafer. The

thickness of the photo-resist is controlled by the spin speed (rpm) of the spinner.
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iv) Quintal Q-6000 Mask Aligner
The mask aligner is used to transfer the pattern from mask to the photo-resist on
a wafer. The mask aligner aligns the photo-mask to a new or existing pattern on
the wafer. The aligned mask and wafer are then exposed with UV light,
transferring the pattern on the photoresist.

v) Thermoline Hot Plates
Hot plates are used for stirring the photo-resist during the pre- and post-bake
process during the micro fabrication. Hot plates are portable and can be used with
variable temperature limits.

vi) Pre-Bake or Soft Bake
Pre-bake is a process which partially removes the solvents present in a photoresist
before aligning and exposing the wafer using a mask aligner.

vii) Photoresist Development
Developer is a chemical solution that will remove the exposed or unexposed area
of the photo-resist after lithography process. The development procedure removes
the exposed resist area in case of positive photo-resist and the unexposed area in
case of negative photo-resist.

viil) Post-Bake or Hard Bake
Post-bake is a process which completely removes the solvents present in a
photoresist and will solidify the photoresist after the develop process and before

etching.
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ix) Sacrificial Layer
It is a layer of material that separates the lower metal layer from the upper metal
layer thus creating a gap between both the layers.
2. MATERIAL DEPOSITION SYSTEMS
x) Lesker evaporator
The Lesker evaporator works on resistive heating evaporation. In this method,
current is passed through a tungsten boat or filament that contains the target metal
and sublimate it.
xi) Solan/Varian E-Beam Evaporator
In this type of deposition, a high energy beam is used to evaporate the material
from a source crucible. The evaporated material is ejected from the crucible and
deposited in form of a thin film on the surface of a wafer.
xi1) Edward Sputtering System
Sputtering is a process in which high energy plasma is used to bombard particles
out of target metal. The target particles are ejected in a random direction giving a
conformal coating on the substrate.
3. ETCHING TECHNIQUES
xii1) Dry Etch
This technique uses RF plasma and chemical etching to remove the materials from

the surface of a wafer or a metal.
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