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Abstract

Microwave switch matrices are essential components in satellite payloads. These
matrices enhance satellite capacity by providing full and flexible interconnectivity
between the received and transmitted signals and facilitate optimum utilization of system
bandwidth. Waveguide and semiconductor technology are two prominent candidates for
realizing such types of switch matrices. Waveguide switches are dominant in high
frequency applications (100 — 200 GHz) and in high power satellite communication.
However, their heavy and bulky profile reinforces the need for a replacement. While,
semiconductor switches are miniature alternatives to mechanical waveguide switches,

they exhibit poor RF performance and low power handling.

RF MEMS technology is a good candidate to replace the conventional switches.
The technology has a great potential to offer highly miniature switches with superior RF
performance. Over the past five years, numerous research studies have been devoted to
develop RF MEMS switches. However, they are mostly concentrated on Single-Pole
Single-Throw (SPST) configurations and a very limited work has been reported on multi-
port switches and switch matrices. Hence, the focus of this thesis is on the development
of multi-port RF MEMS switches and switch matrices. To explore the topic, three
development tasks are considered: planar (2D) multi-port RF MEMS switches, three
dimensional (3D) multi-port RF MEMS switches, and RF MEMS switch matrix

integration.

One key objective of this thesis is to investigate novel configurations for planar
multi-port (SPNT), C-type, and R-type switches. Such switches represent the basic
building blocks of switch matrices operating at microwave frequencies. Theoretical and
experimental results are presented for the proposed novel multi-port switch
configurations. In addition, an in house monolithic fabrication process dedicated to

electrostatic multi-port RF MEMS switches is developed and fine tuned.
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For the first time, a new category of 3D RF MEMS switches is introduced to the RF
MEMS community. These switches are not only extremely useful for high power
applications but also have a great potential for millimetre-wave applications
(30GHz -100GHz). The idea is based on the integration of vertically actuated MEMS
actuators inside 3D transmission lines such as waveguides and coaxial lines. SPST and C-
type switches based on the integration of rotary thermal and electrostatic actuators are
designed and realized. The concept is experimentally verified for frequencies up to
30GHz. A high power test analysis and measurement data indicates no major change in

RF performance as high as 13W.

The monolithic integration of the RF MEMS switch matrix involves the design and
optimization of a unique interconnect network which is amenable to the MEMS
fabrication process. While the switches and interconnect lines are fabricated on the front
side, taking advantage of the back side patterning provides a high isolation for cross over
junctions. Two different techniques are adopted to optimize the interconnect network.
They are based on vertical three-via interconnects and electromagnetically coupled
junctions. The measured results demonstrate that the monolithic switch matrix exhibits an
isolation of better than 40dB up to 30GHz. This technique not only eliminates the need
for expensive multilayer manufacturing process such as Low Temperature Co-fired
Ceramics (LTCC) but also provides a unique approach to fabricate the entire switch

matrix monolithically.
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Chapter 1

Introduction

1.1. Motivation

Currently, the common microwave switches employed in the satellite
communication are mechanical switches (coaxial and waveguide) and semiconductor
switches (PIN diode and FET). Mechanical coaxial and waveguide switches offer the
benefits of low insertion loss, large off-state isolation, and high power handling
capabilities. However, they are bulky, heavy, and slow. On the other hand, semiconductor
switches such as PIN diodes and FETs provide a much faster switching speed and are
smaller in size and weight; however, they are inferior in insertion loss, DC power
consumption, isolation, and power handling capabilities than their mechanical
counterparts. MEMS switches promise to combine the advantageous properties of both
mechanical and semiconductor switches. They offer the high RF performance and low
DC power consumption of mechanical switches but with small size, weight and low cost

features of semiconductor switches.

There are two principle applications which reflect the opposite extremes of the
switch market. First, there is the satellite application which requires the use of large
switch matrices that demand the highest switching performance. Secondly, there are
wireless handheld phones and Bluetooth applications that employ low cost individual

semiconductor switches. Over the past five years, most of the research efforts reported in



the literature have been directed toward the development of a Single-Pole Single-Throw
(SPST) switch for wireless applications. The SPST switch is a two-port device, which

acts as a simple RF relay.

In satellite systems, switches are typically used in the form of switch matrices
either for redundancy or for signal routing. The basic building block of such matrices can
be Single-Port N-throw (SPNT), C- type switches or R-Type switches. These switches
are multi-port devices with a much more complicated function than simple SPST
switches. In spite of many applications of switch matrices, very limited work has been

reported on this topic.

1.2. Objectives

The purpose of this thesis is to present unique configurations and techniques to
develop novel RF MEMS multi-port switches and switch matrices. Thin film MEMS
process is adopted to fabricate the structures either monolithically or in hybrid form. The

subject is divided into three tasks:

i) Development of novel configurations for planar (2D) multi port
(SPNT), C-Type and R-Type MEMS Switches: Such switches represent
the basic building blocks of switch matrices operating at microwave
frequencies. Monolithic fabrication as well as the hybrid integration of this

type of switches is studied and experimented.

i) Introducing a new category of three dimensional (3D) multi-port RF
MEMS switches: SPST, SP2T, and C-type switch configurations based on
integrating MEMS actuators in waveguide and coaxial waveguides are
explored and the results are detailed. These switches are capable of
handling high power levels and promise to be useful in millimetre-wave

frequencies.



iii) RF MEMS Switch Matrix Integration: An interconnect network
amenable to MEMS technology is developed and monolithically integrated
with multi-port RF MEMS switches to construct a switch matrix on a single

chip.

1.3. Structure of the Thesis

The motivation and the research objectives are outlined in this chapter. A review of
existing switches, including mechanical and solid state switches as well as MEMS
switches are addressed in Chapter 2. In addition, a brief review of high density

interconnect lines is presented.

In Chapter 3, several novel planar multi-port RE MEMS switches are reported. The
list includes SP2T, SP3T, C-type and R-type switches. The monolithic and hybrid

fabrication of the structures, along with measured data, are presented.

A new category of 3D MEMS switches are introduced to the MEMS community in
Chapter 4. Theoretical and measured results ar presented for SPST and C-type MEMS-

based waveguide and coaxial switches.

Chapter 5 deals with the development efforts of monolithic RF MEMS switch
matrix. Novel types of low cost interconnect networks that are compatible with the thin
film MEMS fabrication processes, are proposed. Details of the matrix integration are also

given.

Chapter 6 summarizes the contributions of the thesis and proposes some related

problems for future research.



Chapter 2

Background Information

This chapter provides a brief review of RF switches, switch matrices, and their
applications. Different types of conventional switches that are currently used in RF and
microwave applications are first introduced. Then, a more detailed survey of existing RF

MEMS switches and high density interconnect networks follow.
2.1. Conventional RF and Microwave Switches

Telecommunication involves a broad range of frequencies from below HF up to
millimeter-waves. Along with varying operating frequency requirements, the switch
specifications can also differ. There are many factors that must be considered in
evaluating RF switches. Insertion loss and isolation are two critical parameters since they
directly affect the overall RF performance of the system. Also, the DC power
consumption of the switches is a key factor in system considerations particularly in space
applications where the DC power requirement is one of the main design drivers.
Advanced MEMS switches can be designed with no DC power consumption. Switch cost
may not be the driving factor in satellite applications but it becomes the most important
factor in other applications such as cell phones or Bluetooth. Another important design
consideration is the RF power handling capability in both the ON and OFF states. In the
following sections, conventional mechanical and semiconductor switches are reviewed

and their limitations in view of the above design considerations are deliberated.



2.1.1. Mechanical RF Switches

Mechanical switching is achieved through a break in the transmission line or
electrical path by a control signal activating an electromagnetic relay. These moving parts

provide the ON and OFF states.

Figure 2.1 (a) depicts a waveguide mechanical switch from Advance Switch
Technology [3]. By the rotation of the waveguide, the switch moves from its normal
position and shifts the connection between the ports. These switches offer the benefits of
a low insertion loss 0.05dB, a large OFF state isolation (70dB) and capability of handling
high power up to 3.5 KW average power at about 10GHz.

A coaxial switch is also shown in Figure 2.1 (b) along with the switch’s typical fail-
safe mechanical operation. The switch employs an electromagnet for the actuation to
move the arm, and a spring to pull it back to the initial position. Such a switch is
consistently in the normal position until the application of the current to the coil actuates

it. When the power is removed from the coil, the switch returns to the normal position.

Typically, these switches have good RF characteristics: i.e. a 60dB isolation, and a
0.5dB insertion loss at 10GHz [4]. Due to this fact, they have been used in applications

with large number of elements such as matrix configurations, as shown in Figure 2.2, [5]-

[6].

Although mechanical switches exhibit excellent RF characteristics, they have a
very slow switching speed, typically 2 to 50ms [7]. The switches are also heavy and
bulky and require new solution especially in satellite communications where mass

reduction is a major issue.
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Figure 2.1: Mechanical Switches (a) waveguide switch [3] and (b) coaxial switch
and its schematic [4].

Figure 2.2: Various coaxial switch matrices.



2.1.2. Solid State Switches

Typically, semiconductor PIN and FET switches are suitable for high speed
switching applications. Such switches have a much faster switching speed and are smaller
in size and weight but they are inferior in insertion loss, DC power consumption,
isolation and power handling capabilities compared to their mechanical counterparts.

Several efforts have been made to improve the performance and enhance the isolation [8].

As indicated in Figure 2.3, PIN diodes can be implemented with respect to the
transmission direction and configured as switches. The circuit can be also embedded in
microstrip lines. The signal passes through the line if the PIN diode is forward biased. It
leads to low impedance (ON) and so that the signal flows from the input to the output.
When the diode is reverse biased (OFF), it is in a high impedance state, causing the input

signal to be reflected.

DC Bias

PIN DC DC Bias
Diode Block |

RF.. w
= >

DC Block

RFC

RF;, —|

DC Block RF

Figure 2.3: Configuration of series PIN diode switch (a) circuit and (b )mounted on
microstrip transmission line [7].

The FET switch is a three-terminal device with the gate voltage acting as the
control signal, as represented in Figure 2.4. The low and high impedance states required
for switching applications are obtained by making the gate voltage equal to zero and

greater than the pinch off voltage, respectively.

These circuits can be fabricated in a hybrid integrated circuit configuration or
monolithically in MMIC circuits. In hybrid microwave integrated circuits, the active and

lumped components are connected to distributed circuits by wire bonding or soldering



which also adds some loss to the switch. In MMICs, however, both active and passive

components are fabricated simultaneously on a semiconductor substrate such as GaAs.

MMIC’s major advantage is that they can be manufactured in high volume. Due to this

fact, MMIC switches have been widely used in large number applications such as switch

matrices [9], as shown in Figure 2.5.

Vin

Vs

%m

Vout

Figure 2.4: Typical configuration of FET switching circuit [7].

Figure 2.5: Solid state switch matrix configuration.

For signal frequencies higher than 1 GHz, these solid state switches exhibit a large

insertion loss in the ON state (typically 1 to 2dB), and a poor isolation in the OFF state (-

20dB) [7]. The limitations of mechanical switches and solid state technology have

motivated the new research for solutions, particularly RF MEMS switches. The MEMS

technology provides the possibility of replacing many of the microwave switches in

today’s mobile, communication, and satellite systems.



2.2. RF MEMS Switch Principle

MEMS switches are promising to combine the advantageous properties of both
mechanical and semiconductor switches. MEMS switches offer the high RF performance
and low DC power consumption of mechanical switches with the small size, low weight
and inexpensive cost features of semiconductor switches, as summarized in Table 2.1.
Most MEMS switches are actuated by electrostatic forces leading to near zero power
consumption, since there is no current flow. In addition, MEMS switches use air gaps for
the OFF state resulting in excellent isolation and have very low insertion loss. Based on
the RF characteristics of these switches, Figure Of Merit (FOM) is introduced as “ON
state resistancex OFF state capacitance”, demonstrating the superior performance of
MEMS over that of semiconductor switches. Moreover, they are very linear devices that

result in very low inter-modulation products.

Table 2.1 : RF MEMS vs. FET, PIN, and mechanical switch comparison.

FET PIN Mechanical MEMS
FOM

270 110 0.073 2.5
(10 Sec.)
DC Power = 10 mW = () =0
IP3 (dBm) 40-50 30-45 80-90 65-80
Isolation Low Medium High High
Size (mm®) Small Small Large Small

These switches are fabricated by using surface micromachining technology and
consist of sputtered or evaporated thin metal films and silicon nitride or dioxide to create
cantilever and membrane configurations. They can be built on quartz, Pyrex, Low-
temperature Co-fired Ceramic (LTCC), mechanical-grade high resistivity silicon or GaAs

substrates [10].

However, RF MEMS switches do have their problems. RF MEMS Switches have



relatively low speed of approximately 2 to 40us whereas certain communication devices
require much faster switches. Since MEMS switches cannot tolerate more than 20-
50mW, their power handling is another issue. The electrostatic movement of the
mechanical parts requires a high voltage of approximately 20 to 200 Volts for consistent
operation which is well above the required voltage of other solid state technologies. In

addition, packaging issues and their costs should be added to the list.

Recently, various kinds of MEMS switches have been extensively studied in series
and shunt structures [10]-[11] and additional methods of electrostatic actuation have been
introduced [12]. In next section, a short survey of cantilever beam and fixed-fixed

membrane switches is given.
2.2.1. RF Switches Based on Cantilever Beams

A number of efforts have been reported on the development of cantilever beam
switches [13]-[15]. A simple schematic of such a switch is drawn in Figure 2.6. The
beam is anchored to the substrate and is pulled down by the use of a DC electrode

underneath. In the ON state, the beam makes a metal- metal contact with the RF line.

e

Anchor DC electrod RF line

Figure 2.6: Side view of the typical cantilever beam RF switch

In this type of structure, even in the absence of an applied voltage, the cantilever
beam deviates from the horizontal position due to high residual stresses in the metal and
dielectrics. This can be controlled by the process development and temperature control of

the switch itself under the operating conditions [14].
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In 1991, the Hughes research laboratory reported the fabrication of a new CPW
micro-machined switch [13]. It is similar in principle to the aforementioned silicon
micro-machined structure with a substrate of GaAs and a conductor of gold to render it
appropriate for RF applications. A schematic of this switch is offered in Figure 2.7. The
switch’s actuation is achieved electrostatically, and its pull down capacitor is
incorporated into the transmission line. The structure is composed of a CPW port at the
input, a middle portion which supports the microstrip mode, and a CPW line at the output
port. The results confirm a good isolation and an insertion loss up to 40 GHz with an

initial actuation voltage between 80-100 volts [13]

In another design, shown in Figure 2.8, a separation of the DC electrode from the
RF electrode is considered [16]. In this switch, the electrostatic force between the bottom

electrode and the metal pad on the beam causes the actuation. The metal pad is mounted

/
!
7

/ / off

£ ——
—»p [Input - Output
/ OUTPUT

/ I MAN—

on

; o :
'COPLANARY “MICROSTRIP" ““COPLANAR" Typical inline cantilever

MODE ,’ MODE 7 MODE based contact switches
Fi

Figure 2.7 : Microwave micro-machined switch with pull down capacitance is
incorporated into transmission line [13].

at the center of the dielectric cantilever with another conductor part at the far end of the
beam to provide the RF contact. In the switch down state, the beam creates continuity by
bridging the gap in the RF transmission line. RF measurement shows that the insertion

loss increases very gradually with the increased frequency and grows up to approximately

0.25dB at 40GHz with an isolation of 20 dB.
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Figure 2.8: Micrograph of the SPST switch developed at Hughes Research Laboratory
[16]

In addition to the metal to metal contact for the RF link, some switches operates based on
capacitive coupling. In [15] a corrugated cantilever arm is used to design a metal to metal
contact as well as capacitive coupling link. Figure 2.9 denotes the structure of the
corrugated beam. This switch is relatively small (55um by 45um) and the pull-down
electrode is in the RF path directly beneath the cantilever. To minimize the parasitic
effects of the pull-down electrode it is constructed from a high sheet resistivity metal.
Figure 2.9(a) illustrates the DC contact switch which has platinum pads to make the
connection while in part (b) the RF links through the capacitive coupling between the
beam and the RF pad. In order to achieve a satisfactory coupling, the area of the capacitor
between the beam and the RF pad increases resulting in a longer beams (200um by 148

um). A 150nm thick silicon dioxide is deposited to make the parallel plate capacitor.

In the OFF-state, this switch curls up creating a relatively large separation distance
of approximately 10-15 um, which results in a high isolation and at the same time creates
an increase in the pull-in voltage. It has been reported that about 80Volts is required for a
good contact resistance whereas the primary actuation voltage is around 35V. However,
the RF performance of this switch is not as good as that of the previously reported

structures [15].
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Figure 2.9 : (@) SEM of Lincoln Laboratories in-line MEMS-series switch in a
metal-metal contact, (b) capacitive configuration and (c) SEM of the metal-metal
contact switch [10].

In an overall view, cantilever beams are suitable for RF MEMS integrated
structures, since the beams have the capability of being used in-line or broadside. In the
latter, the actuation occurs in a plane that is perpendicular to the transmission line while
in the former, the actuation occurs on the same plane as the transmission line. The main
difference between the two designs is that the RF signal will pass by the entire in-line
switch. In both cases, when the DC voltage is applied the switch turns ON identifing

them as series type switches.
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2.2.2. RF Switches Based on Fixed-Fixed Membrane

In this type of switch, a doubly-supported membrane is used as signified in Figure
2.10. Two approaches are explored for switching the RF line ON and OFF with such a
membrane, series and shunt. In the first approach, the deformable beam realizes a
segment of the transmission line carrying signal. When no voltage is applied, the beam is
un_deflected which leads to an open line. When there is an actuation voltage, the beam
deflects and closes the existing gap from the RF line. For shunt switches, the principle is

based on capacitive coupling. There is a thin dielectric film on the RF

T line T line
Anchaor DC RF DC Anchor
electrode electrode Up/down

capacitor

-

Figure 2.10: Typical fixed-fixed membrane switch structure

signal line that prevents them from making a metal contact. The air gap is
electrostatically adjusted to achieve a capacitance change between the up and down
states. In contrast to the series switches, applying DC voltage pulls the electrode down

and turns the ON switch OFF.

2.2.2.1. Series Fixed-Fixed Membrane Switches

Extensive investigations have been performed on this type of switch, especially in
the last couple of years [17]-[21]. In all the designs, the reduction of the actuating voltage
and the improvement in the insertion loss and isolation of the switch were the primary

goals.

Milanovic has published a paper on the batch transferring of the integration of an

RF micro-relay on a quartz substrate [21]. In the fabrication, the MEMS design is

14



performed on the Si substrate and the microwave design is completed on the quartz.
When the release process is performed, the structures remain on the chip due to the small
gold bump staples. Then by using a flip chip bonder after a careful alignment the
membrane is transferred to the substrate. The fabrication process is detailed in Figure
2.11. The RF measurement of this structure shows an isolation of 20dB up to 30GHz and
insertion loss of 0.4 dB. According to this paper, the pull down voltage range is between
25V and 110V. This large variation is believed to be due to the variation in the height of

the structures in the flip chip transfer from one chip to another.

Another type of fixed-fixed membrane switch, which is produced by the Rockwell
Science Center (RSC) [19], is shown in Figure 2.12. The device is 250um by 250um with
the suspended structure sitting a few microns above the substrate plane. This micro-relay
is fabricated by surface micromachining. There are two small contact points with
dimensions of 3um” on either contact area. The small contact points are needed to reduce
the metal-to-metal stiction and to increase the contact pressure. It is a metal contact
relay, with electrical isolation between signal and drive lines, that leads to a good
insertion loss in the ON state of the switch. An insertion loss of 0.4 dB and an isolation of
-25dB, are reported for the frequencies from DC to 40GHz. The electrostatic actuation of
the switch occurs at about 70V and a low resistance can be achieved by a voltage that is

20% higher i.e. 85V.

The reliability and reproducibility of this switch has been also examined. According
to [21], lifetime characteristic of the switch has been measured for several samples and
the best devices show lifetime of higher than tens of millions cycle. Its reproducibility

has also been tested across multiple fields of a wafer. The results show 15% actuation

voltage variability and 90% of electrical yield defined by |S 21| < 0.3 dB at 2GHz.

15



. %_T —m!

Si substrate

(a)
Si substrate |
| Gold
& ] contact
| ir FiTT wi plate ~
I'l.-l .'-
] m ST T e e B

Palldoarn=

lates
quartz substrate .

quartz substrate

(©

Figure 2.11: Schematics of the fabrication of (a) the structure before release
and transfer, (b )the structure after release, flipped and aligned for transfer onto the
substrate, (c) final transferred structure and (d) top view of the switch [21].

2.2.2.2.Shunt Fixed-Fixed Membrane Switches

In 1996, the first practical capacitive shunt switch was presented by Raytheon [10],
as shown in Figure 2.13. It is based on a fixed-fixed metal beam design. The membrane is

anchored to the coplanar ground plane with a height of 1.5 to 4um and results in a pull
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Figure 2.12(a) RCS MEMS switch [10]

down voltage of 10 to 60 volts. The switch’s central electrode provides both the
electrostatic actuation and the RF capacitance between the transmission line and the
switch membrane. When the switch is in the up state, it provides a low capacitance of
about 25 to 75fF and does not affect the signal. In the downstate though, the capacitance
becomes 1.2-3.6pF and this results in a good short circuit. Since then, numerous studies
have been conducted on capacitive shunt switches to achieve better performance and

lower actuation voltage [23]-[26].

Pull-Down
Electrode

Al Membrane

Figure 2.13: Raytheon MEMS capacitive shunt switch structure [10].
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To reduce the actuating voltage, two different capacitive switches have been
investigated at the University of Michigan (Figure 2.14). For the first switch, the
membrane is composed of a 0.8um thick gold layer with a height of 1.7-2.2 um, which
results in a pull down voltage of 25 to 30V. The second switch is based on a low spring
constant membrane. This results in a pull-down voltage of 8 to 15V and at the same time
a relatively slow switching time. These types of low spring constant switches are more
efficient when pullO-up electrodes can be used. This is due to the fact that the restoring
forces are low for such designs and extra pull up force is required when the membrane is

down.

Figure 2.14 : University of Michigan (a) low height MEMS switch, and (b) low
spring-constant

In general, the limiting mechanism in capacitive switches is the charging of the
dielectric layer between the electrode and the signal line within the switch structure. In
the contact switches, the mechanism that limits the lifetime is the degradation of the

ohmic contacts with repeated actuations [33].

Comparing the fixed-fixed beams and cantilever beam structures, the former is

more flexible in expanding the electrodes area and possessing a larger actuating

18



capacitor. Whereas, the cantilever beam switches require a lower activation voltage than

the fixed-fixed beam switches with the same length [14].
2.2.3. Electro-Thermal Switches

Electro-thermal switches are a well known type of actuation mechanism where high
contact force is required. Up to now, a considerable amount of research has been

dedicated to SPST switches.

Buckled beam thermal actuators, represented in Figure 2.15, have been used as RF
MEMS switches [27]-[29]. This switch has exhibited a simulated ON state insertion loss
of 1dB and an OFF state isolation of 19dB at 2GHz. To reduce the DC power
consumption of the thermal actuators, bi-stable actuators have been employed. Figure
2.16 is an example of a bi-stable electro-thermal RF switch which can be operated with
zero standby power in either latched states [28]. The device includes a bi-stable structure
which electrically shorts the input and output signal lines. Two electro-thermal actuators
are used to switch it ON and OFF. The measurement result indicates that at 3.5 GHz, the

switch offers a 0.5dB insertion loss and -30dB isolation.

RE n— —pRF Out
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Figure 2.15: Buckled-actuators RF MEMS switch [27].
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Figure 2.16: Schematic illustration of the bi-stable switch [28].

2.3. Multi-Port RF MEMS Switches

Although there are many reports on SPST RF MEMS switches, but limited research
has been conducted on multi-port structures. Possibly, this is due to the complexity of the

RF design, as well as the increased number of the actuating mechanisims.

LAAS-CNRS (France) have recently presented the SP2T CPW switch in Figure
2.17 [29] based on capacitive shunt membranes. The switch is very narrow band and
lossy i.e 28GHz to 33GHz for a 2 dB insertion loss and 20dB isolation. Another SPDT
has been presented by the School of EECS at Seoul National University as shown in
Figure 2.18. This switch is based on a direct contact with a clamped-clamped membrane.
The design includes a quarter-wave short stub to match the circuit. This limits the
bandwidth to 40 to 45GHz for a return loss of 20dB and an isolation of 20dB. The only
reported SP3T switch is from Sanida National Laboratory and is based on metal
contacting switches [31]. The results are claimed to be a 29dB isolation and 0.3dB loss at

19GHz. unfortunately, to our knowledge, no more data has been published.
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Another reported multi-port switch is a Single-Port Four-Throw (SP4T) from the
University of Michigan/ Rockwell Science Center [22]. This switch is based on four of
contact-shunt SPST Rockwell switches that have been integrated by the University of
Michigan, as depicted in Figure 2.19. Recently, a wideband performance of this switch
has been presented in [32]. This switch is also very limited in bandwidth i.e. up to 7GHz
for a -20dB return loss. The presented data from multi-port switches highlights the need

to develop wideband multi-port switches.

Figure 2.17: LAAS-CNRS (France) SP2T capacitive switch [29].

switch

\ Short-ended line for
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Figure 2.18: SPDT switch presented by the School of EECE Seoul National University

21



bias pad

bias line
(gold)

CPW-microstrip
transition : .
#2 = — viaholes

GaAs

substrate
(h=8 mil)

Figure 2.19: Single-Pole Four-Throw (SP4T) Rockwell/Michigan switch[22].

2.4. High Density Interconnects

Key component of the switch matrices is their interconnect network. Due to the
downscaling of the switches, smaller and denser interconnect lines and multi layer
structures are required. However, miniaturization causes several difficulties including
parasitic capacitors and unwanted crosstalk between the lines. Additionally, moving from
one layer to another through highly inductive vias adds some excess loading to the lines.

These aspects subjects are addressed next.
2.4.1. Coupling and Crosstalk

When transmission lines are printed in high density configurations, minimizing the
interactions between the adjacent circuits becomes extremely important. These
interactions, known as crosstalk, can be caused by substrate modes in large electrical

areas or parasitic coupling capacitances due to close proximities [34].
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Several investigations have been conducted on coupling between the lines
[35]-[38]. Figure 2.20 reflects the effect of the spacing between the lines on the cross
coupling [39]. Although higher pitch values result in lower coupling, it is not always
possible to avoid. Additionally, it leads to a larger circuit and increases the cost. The
application of finite and separate ground planes in adjacent lines has been suggested to
improve the isolation [34]. In 1996, Ishikawa and Yamashita [37] characterized a guided
wave structure buried microstrip line. Half shielded lines are employed to reduce the
isolation up to -100dB. However, the suggested configuration is not a planar structure

and needs special fabrication process.

Also, a wide-band bridge or overpass has been used for cross over lines as shown in
Figure 2.21, [40]. The design consists of a 25 um air bridge formed on the intersection of

two CPW lines printed on one layer. The grounds are separated to reduce the coupling to

-35dB up to S0GHz.

Realizing transmission lines sandwiched by ground planes on multi-layer substrates
can be a good solution to improve the isolation. However, there are still unsolved
fabrication problems. For instance, (LTCC) which is the finest current technology for
high frequency applications needs essential modification of ideal condition for the buried
ground plane. This is implemented by meshed configuration and attributed mainly to the
ceramic fabrication technology as the metallized area should be less than 50%. This
causes unwanted coupling that has been characterized and modeled in [35]. It has been

reported about -40dB at 4GHz for two parallel micorstip lines.
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Figure 2.20: X-band measured and numerical results for vertically separated finite
ground CPW and microstrip lines showing coupling versus centre to centre spacing
[39].

Figure 2.21: SEM micrograph of finite ground coplanar waveguide crossover
junction. Both lines have the same dimensions [40].
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2.4.2.Conductive Interlayer Connection

To provide a conductive connection between two different layers of a substrate,
vias can be used whereas the connection between two different substrates can be

achieved by flip chip bumps.

Figure 2.22 shows a transmission line terminated to a via followed by upper level
lines. In such configurations, the inductive loading effect of the via on the signal line
leads to severe mismatching and unwanted coupling [41]. This becomes one of the
significant performance limiting factors, particularly at millimeter-wave frequencies.
These via transitions have been studied and analyzed extensively [42]. Although different
structures have been suggested to improve their performance, more work is still required

to optimize performance over a wide frequency range.

Bump
A Via
-

Figure 2.22: Interconnect through via and solder bumps.

Another attractive technique for an interlayer connection is flipchip technology and
conductor bumps, as shown in Figure 2.22. It is a cost effective and promising method
that has been investigated by Heinrich and presented in several papers [43]-[44]. It is
reported that at lower frequencies the bump behaves as a capacitor due to the overlap area
of the two conductors in the bump-pads. As the operating frequency is increased, the
interconnect behavior becomes inductive. Careful consideration should be given to the

size and shape of the bumps since they have impact on the return loss performance.
2.5. Switch Matrices

As it was mentioned, one of the main applications of the switches is for signal

routing or redundancy schemes. The complexity of an interconnect network is determined
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by trade offs of user needs, insertion loss, and cost. Among the various existing
topologies, rearrangeably nonblocking Benes network shown in Figure 2.23 is one of the
most well known structures [45]. It allows any point to point connection to be

establishedm, but one or more existing connections may need to be rearranged.

There are various other structures which are used, depending on their applications.

For instance, the configurations shown in Figure 2.24 can be used to provide protection

] AKX ]

] AKX ]

Figure 2.23: An 8x8 Benes Network

failed
.............. amphﬁers -

(a) (b)

Figure 2.24 : Redundancy system with five primary channels and two spare
channels using (a) C type and (b) R type switches as building blocks.

26



for a system and increase its reliability. Such configurations provide a five to seven
redundancy for up to two failures of the amplifiers. C and R switches are used as the

basic building blocks of the matrix [46].

27



Chapter 3

Planar (2D) Multi-Port RF MEMS

Switches

3.1. Introduction

Over the last five years, numerous papers have been published on RF MEMS
switches [10]-[21]. However, most of the research reported in the literature has been
directed toward the development of SPST switches. They are two-port devices which act
as simple RF relays. In today's communication systems, switches are typically used in the
form of switch matrices either for redundancy or for signal routing. The use of multi-port
switches, rather than SPST switches, as the basic building blocks, considerably simplifies
the integration problem of large size switch matrices. In our knowledge, very limited

work has been reported in Iditerature on integrated multi-port MEMS switches [22].

In this investigation, electrostatic and thermal actuators have been employed to
develop multi port switches such as Single-Pole Double-Throw (SP2T), Single-Pole
Three-Throw (SP3T), C-type (transfer), and R-type switches. The design and analysis of
these switches as well as their monolithic and hybrid fabrication are presented in this
chapter. They represent the basic building blocks for the realization of large switch

matrices.

28



3.2. Hybrid Electrostatic Multi-Port Switches

In this section, integrated electrostatic SP3T and C-type MEMS switches are
demonstrated. RF simulation, along with circuit modeling is used to analyze and design
the switches. Bi-layer cantilever beams with narrow tips are incorporated on top of the
co-planar transmission lines by using flip chip technology to form the proposed
structures. After the SP3T switch is described in details the proposed C-type switch is

explained and presented.
3.2.1. Single-Pole Three-Throw (SP3T) RF MEMS Switch

Figure 3.1 illustrates the proposed SP3T MEMS switch structure. It is a compact
(500x 500um2) coplanar series switch, consisting of three actuating beams. One end of
each beam is attached to a 50€2 coplanar transmission line, whereas the other end is
suspended on top of another 502 coplanar transmission line to form a series-type contact
switch. The pull down electrodes, which are part of the RF ground, are placed underneath
the beams. The design can be implemented by integrating the beams and the substrate on
one chip. Alternatively, the SP3T switch can be implemented in a hybrid form, where the
beams are micro machined separately, and then integrated on an Alumina substrate by
using flip-chip technology [47]. In this section, we report the results of the hybrid version

of this switch and the monolithic fabrication is explained in details in the next section.
3.2.1.1. Fabrication Process

The beams are fabricated by the Multi-User MEMS Processes (MUMPs) surface
micro machining [48]. Each beam is constructed of a Polysilicon layer with a thickness of
1.5um coated by a gold layer of 0.5 um. To improve the isolation of the switch the tips
are narrowed and the contact is realized only by small tips at the end of the beams. The

coplanar line circuit is fabricated on an Alumina substrate with a thickness of 254um.

The beams are flipped on top of the gold-coated Alumina substrate by the flip chip
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process and gold bumps, as shown in Figure 3.2. With this technology, a gold-to-gold
contact is achieved while it can not be realized by using only the MUMPs process.
Another advantage of this method is the possibility of using a low loss substrate for the

microwave and radio frequency applications along with silicon micro machined beams.

Figure 3.1: Proposed SP3T RF MEMS switch

To etch the sacrificial silicon dioxide layers and release the structure from the
silicon substrate, the module is submerged in 49% HF for two minutes. This is due to the
HF selectivity of the silicon dioxide over polysilicon, gold, and the alumina substrate.
The trapped oxide beneath the beams is exposed to the HF through the release holes
accommodated on the beams as indicated in Figure 3.3. The HF accessibility to the
beams is performed through the space between the chip and the substrate; this space
depends on the solder ball height. For a 15um bump height and chip size of 2 X 2 mm,
two minutes wet etching is favorable. For the larger chip sizes or smaller chip to substrate
separation (< 15um), a longer period of time is required. However, this results in some
imperfection and deficiency in the samples due to the fact that the HF over etching
affects the adhesion layer between the gold and the substrate, detaching the gold. To
solve this issue, pre-etching which includes 1 minute wet etching before the flip chip

integration, is suggested.
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Flipchip

U (b)

Relea"se ﬂ(c)

(d)
Figure 3.2: Fabrication process of the SP3T switch.( a) the PolyMUMPs chip

which includes the beams, (b) the Alumina substrate,( ¢) the PolyMUMPSs chip is

attached to the substrate, and (d) the SP3T switch after releasing the beams from
the PolyMUMPs chip.
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Figure 3.3 : Release holes and the narrowed tips on the SP3T switch
(SEM photo).

3.2.1.2. Switch Design and Characteristic

The warpage of MEMS cantilever structures that consist of polysilicon and gold on
top is one of the design considerations in using the PolyMUMPs process. The warpage
exists because of the residual stresses and the thermal mismatches that result from the
fabrication process [50]. The former is due to the chemical reactions such as oxidation
and LPCVD deposition that can be modified by thermal processes such as annealing. The
latter can be reduced by using a single layer beam structure to avoid different thermal

expansion coefficients of the various layers.

However, in this design, the top layer of gold becomes the bottom layer of the
beams, resulting in an inward warpage of the beams, as reflected in Figure 3.4. It brings
the tips closer to the substrate while the distance between the beams and the DC
electrodes is increased. The large distance prevents the beams from collapsing on to the
electrodes (see Appendix A) and helps to reduce the coupling between the beams and the
RF ground. The disadvantage of the warpage is that it increases the actuation voltage. It
should be noted, however, that depending on the fabrication process and the residual
stress of the layers, the flip chip gold bumps height can be controlled to realize the
desired height.
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Figure 3.4: Cantilever beam warpage (SEM photo).

A full wave FEM analysis by Covnetor-Ware software is performed to find the turn
ON voltage for the beams. As plotted in Figure 3.5, a turn ON voltage of 40 volts is
predicted. However, it should be mentioned that in this simulation, the warping of the
beam is not considered. In practice, to keep the distance between the beams and the input
RF line constant, the distance between the electrode and the beam is increased leading to
a higher required voltage of approximately 120 volts. A detailed mechanical modeling of

the beam is performed and described in Appendix 1.

Displacement (um)

25 | |
10 20 30

L L
40 50 60 70
Voltage (V)

Figure 3.5: Coventor-Ware FEM analysis for the displacement.
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Considerable efforts have been made to optimize the dimensions for a low return
loss and maximize the isolation over a wide range of frequencies from DC to 40GHz.
The HFSS simulation results for the case when port 2 is in the ON state and ports 3 and 4
are in the OFF state are shown in Figure 3.6. When port 3 is ON, and the others are OFF,
the results are recorded in Figure 3.7. It is worth mentioning that due to the symmetric
configuration of the switch, the results for the case of port 4 in ON and port 2 and 3 in

OFF states are similar to the case in Figure 3.7.

To obtain a better insight in to the performance of the switch, its circuit model is
studied. The circuit is illustrated in Figure 3.8 and the results are compared to those of the
HFSS in Figure 3.6. At the input of each port, there is a 50€2 transmission line, followed
by gold bumps which attach the beam. Typically, these bumps demonstrate capacitive
performance at low frequencies and are inductive at high frequencies [51]. In the
investigation described in this thesis, we found that the switch performance highly

depends on the bumps which play an inductive role in the range of interest.

Moreover, due to the multi-port structure of the switch, the isolation of the throw
ports becomes an important issue. It is evident that because of the narrow tips of the
beams in this structure and thus small capacitors, a satisfactory isolation between the
ports is achieved. The inter-coupling capacitors of the output ports are approximately 0.1
and 0.3fF whereas the isolation capacitors between the input line and the OFF ports are
5fF. The latter is determined by the coupling across a 2-micron gap between the narrow

tips and the RF line.

In the ON state, the beam represents a bridge passing over the electrode which is
demonstrated by a 20fF capacitor and a very small inductor. The beam widths are 60um
which are changed to 30um at the tips. This change is represented by two series inductors
and a parallel capacitor. Afterward, it is followed by a series contact resistance that can

be obtained by the following equation [13]:
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the other ports are OFF.
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Rcontact = %% (3-1)

where o is the yield strength, F is the contact force (See Appendix A) and p is the
resistivity of the gold which is around 2.6x10° Q-cm in the MUMPS process.

Consequently, the contact resistance for a good contact is approximately 0.15 €.
3.2.1.3. Measured Results

Now that the theoretical RF characteristic of the switch has been considered, its
experimental behavior is investigated. A two-port on wafer 180 degree probe
measurement is performed. For measurement purposes, the switch is actuated by
applying a DC voltage to the RF ports, through bias-tees. With the application of the
actuation DC voltage, the beams deflect, thus closing the gap while providing a
continuous path through the transmission line. The results are shown in Figure 3.9 (a) and

(b) for the ON and OFF states.

Primarily, the mechanical actuation of the beam is tested. Throughout the
experiment, the required actuation voltage of 120-140 volts is measured. Also, the
isolation of the switch specified by Si, in the OFF state is measured. The results are better
than -30dB up to 20GHz. This data is obtained while the switch is in the rest position and
no DC voltage is applied. The results show good agreement with those of the HFSS©
simulation in Figure 3.6. In addition, the ON state of the switch is measured and recorded
in Figure 3.9 (a). The switch exhibits about 0.5dB insertion loss, better than -20dB return
loss, and more than 30dB isolation up to 20GHz.
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Figure 3.9: Measurement results for the switch shown in Figure 3.1 when port 3 and 4
are OFF: (a) return loss and insertion loss and (b) isolation for port 2.
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To turn one port ON, the associated beam is connected to the positive potential, and
the electrode is connected to ground while the remaining beams are left floating. It should
be noted that, leaving the ports in a floating potential, may cause unwanted charging of
the beams and thus unintended actuation. Therefore, to improve the design, separate DC
electrodes can be employed since they have been used for the C switch, explained in the

following section.

3.2.2. C-Type RF MEMS Switch

C-type microwave switches are widely utilized in sophisticated redundancy switch
matrices for satellite applications. The switches have two operational states that are
illustrated in Figure 3.10. In state I connections are established between ports 1 and 2 and
between ports 3 and 4. In case of any failure, the arrangement of the switch is modified to
state II to shift the signal path to the spare components such that full functionality of the

system is maintained.

Port 4 Port 4

Port 1 Port 3 Port 1 Port 3
Port 2 Port 2
State [ State 11

Figure 3.10: C-type switch schematic; in state | ports 1-2 & 3-4 are connected and in
state Il ports 1-4 & 2-3 are connected.

The mechanical design of the switch begins with considering the required DC
actuation voltage. Equation (3.2) presents a widely cited formula for calculating the

actuating voltage of cantilever beams as follows:
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2kg*(9,-9)
v =,/€0—A (3.2)

Where A is the electrode area, g, is the initial gap between the electrode and the beam, g
is the steady gap between the electrode and the beam after the application of voltage, and

& 1s the dielectric permittivity on the top of the electrode. Kk is the spring constant of a

3

cantilever beam that can be written ask = where E represents young modules, W

413

is the beam width, t is the thickness, and | is the beam length (for more information on the

parameters, see Appendix A)

As shown in Equation (3.2), the actuating voltage is proportional to the square root
of the spring constant k. Therefore, for decreasing the actuating voltage from 120 (as for
the SP3T reported in the previous section), the spring constant k should be proportionally
reduced. Previously, serpentine beams have been employed to reduce the pull in voltage
for clamped-clamped beam switches [49]. Here, it is proposed to use similar type of

spring in series with the primary cantilever beam as represented in Figure 3.11.

The general form of the serpentine spring constant has been reported as [49]

K = 8N3a3+2Nb3+abN[3b+(2N +1)(4N+1)a
3El, 3GJ

2
Na? 2Na N (2N +1)b
Nb?

El, GJ ~ a, b (3.3)
2( a b] 2 (GJ EI,

El, GJ

where the parameters are defined in Table 3.1 and N is the number of meanders. Equation

(3.3) in combination with the lumped modeling is adopted to develop a Matlab code to
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calculate the total spring constant of the new beams.

Primary meander length (a) 15(um)
Secondary meander length (b) 125(um)
Switch thickness (t) 1.5(um)
Beam width (w) 5(um)
Poly silicon young modulus (E) 163 GPa
Polysilicon Poission’s ratio (V) 0.22
Shear modulus (G) E/(2(1+v))
x-axis moment of inertia (ly) at®/12
z-axis moment of inertia (I,) tew’/12
Polar moment of inertia (Ip) I+I1y
Torsion constant (J) 0.413l1,

Table 3.1: Physical dimensions and material constants for the proposed low-voltage

switch
A a
X : -«—>
A — P
So--»
y
b
— o

Figure 3.11: Proposed configuration to use a serpentine beam to reduce the actuation

voltage.
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This idea is used to design a new beam with N=1 and reduce the k to 50%, and
thus, decrease the actuating voltage to about 70%. The measured actuation voltage is
around 80 volts which verifies the calculation. However, one should note that additional
meanders could add extra unwanted inductive loading to the switch in high frequencies.

Therefore, careful modeling of the structure is essential.

The switch is produced by the same technique as that of the previously reported
SP3T switch and is shown in Figure 3.12 . The beams are fabricated using poly MUMPs
process [50] and the electrodes and the RF lines are patterned over a 10 mil (~254um)
alumina substrate. Then using the flip chip technology, the beams are assembled on the
substrate and HF wet etching is used to release the switch. The required bridges are
created by using wire bonding. In state I, beams 1 and 3 are actuated, whereas for state II

beams 2 and 4 are pulled down.

The RF performance of the switch is analyzed by HFSS© and then optimized. The
simulation results for the switch in Figure 3.13 and illustrate a return loss and an isolation
of better than -20 dB up to 15GHz. It is noteworthy that in this configuration, the DC
electrodes of the switch are separated from the RF ground plane, providing more
flexibility to control the beams. However, to suppress the odd parasitic modes due to the
discontinuities on the ground plane, air gap bridges are required which are realized by
using wire bonds. Due to the fact that the structure of the switch is symmetric, the RF

characteristics of the other ports are similar to those of portl.

A two-port RF measurement is performed on the switch when port 1 is connected
to port 2 and the results are deployed in Figure 3.14. The measured return loss for port 1
and 2 is better than -15dB up to 15GHz. The insertion loss is less than 1dB which is
attributed to the error in the assembly and the contact resistance. The isolation is better

than 20dB, as predicted.
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Figure 3.12: C-type RF MEMS switch after complete assembly.

43



0
— Isolation between ports 1&3
_10 k- = Insertion loss e e ]
---- Isolation between ports 1&4
e a Return loss for port 1
20| m Return loss for port 2 .
=)
=
g =30}
g
S 401
j=
]
-50| aet e ]
mmnmy‘um-"wm""'”m \\\\\\\\
Pl gy o
N Pl ./' rd sy ”'f,,” \\\\ o
60} l_/ s |
’
_70 1 I
5 10 15
Frequency (GHz)
Figure 3.13: Simulation results for the proposed C-type switch.
0
10+ |
20 P e R
Fa - e AR - ""“‘WW
E-Q\ '30 : 3 4 It w\\w’“‘\m\“ a
L . m\ww**""
:9/ N {;?‘\Z“"‘\km\w”‘ ke \
Z =40+ & 7
5 L 2
g 50 5%%*%&'\‘ _
5 £
& L S — Return loss for port 1
7] _60 %‘f. : TP TP PP Insertion IOSS -
= === Return loss for port 2
=70 % Isolation between ports 1&3 .
- Jsolation between ports 1&2
-80 ]
-90 ‘
5 10 15
Frequency (GHz)

Figure 3.14: Measured RF characteristics of the proposed C switch.
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3.3. Monolithic Multi-Port Switches

SP3T, C-type, and R-type switches are the focus of this section. A monolithic
configuration rather than hybrid integration not only improves the performance but also
increases the production yield and reproducibility. In this section, a new fabrication
process dedicated to multi-port MEMS switches is presented and is used to construct

multi-port MEMS switches.

3.3.1. Fabrication Process

An alumina substrate is selected for the base substrate since it retains its intrinsic
properties during the process and exhibits a good RF performance at high frequencies.
The fabrication of the switches is comprised of the simultaneous processing of all the
electrodes and the beams by one type of process. This requires a total of six mask levels
to pattern the different layers for the switches as shown in Figure 3.15. All the fabrication
process is carried out in the CIRFE lab at the University of Waterloo.

Process starts with Cr evaporation of about 400nm. This layer is used for resistors
as well as adhesion of the following gold film. The gold film is 1um and is deposited
using E-beam evaporator without breaking the vacuum resulting in a good adhesion. The
lithography of this level is performed using AZ2035 (a negative photoresist) and a dark
field mask. Quick RIE DESCUM step is used to clear the unwanted remaining residue of
the resist. For wet etching of the gold film, a solution of Potassium lodide and lodine is
employed that results in a complete removal of the unwanted features. Afterwards,

second mask is used to pattern the Cr for the DC bias resistors.

Silicon dioxide as a dielectric layer is then deposited at 250 degrees by the Plasma
Enhanced Chemical Vapor Deposition (PECVD) system. This film is mainly used for the
isolation between the electrodes and the beams. To provide good adhesion of oxide and
gold, very thin film of TiW (400nm) is sputtered under the oxide layer. The third mask is
used for the patterning and the process is continued with plasma etching of the oxide and

a CF4 plasma using RIE.
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(anchors) and #5
(contact dimples)
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3. Wet etch gold 1
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4. PECVD Si0, 9. Wet etch gold 2
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Figure 3.15: Fabrication process of the monolithic RF MEMS switches in CIRFE
lab.

After the patterning of the oxide layer, the sacrificial layer the (AZ 3330
photoresist) of 2um is spin coated. Initially, the resist is fully exposed through mask # 4
to pattern the anchors. Then it is followed by a partial exposure step using mask #5. This
helps to develop half the thickness of the resist and provides the required openings for the
contact dimples of the switches. Four minutes of 120 degrees hard bake is used to

overflow the photoresist and create sloped side walls.
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The last film of 2um gold is evaporated using E-beam evaporator as the structural
layer. The sixth mask (dark filed mask) is used for lithography in combination with
negative resist. After etching the top metal in a similar manner as the first step, the wafer
is dry released. This step is performed in RIE and oxygen plasma with high pressure,
high ICP (Inductive Coupled Plasma) power and much less RF power. This reduces the

directivity of the etch, helps in a large under etch, and results in released devices.
3.3.2. Monolithic Single-Pole Three-Throw (SP3T) RF MEMS Switch

A new SP3T switch is fabricated based on the proposed fabrication process in the
CIRFE lab at the University of Waterloo and is represented in Figure 3.16. It is a compact
(500x 500um?) coplanar series switch, consisting of three actuating beams. One end of

each beam is attached to a 50Q2 coplanar transmission line, whereas the other end is

Port 2
CIRFE WD26.3mm 10.0kYV x120 250um

Figure 3.16: Proposed monolithic SP3T RF MEMS switch fabricated in the CIRFE
lab at the University of Waterloo.
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suspended on top of another 50€2 coplanar transmission line to form a series-type contact
switch. However, in contrast to the previously presented SP3T switch, the electrodes are
separated from the RF ground plane which results in a better control of the beams, and
also prevents unintended actuation. To avoid producing parasitic CPW modes due to the

existing discontinuities on the ground plane, air bridges are used.

To evaluate the switch performance, a two port on-wafer measurement is
performed. The required actuation voltage is about 65 volts to obtain good contact force.
The switch exhibits a good RF performance as presented in Figure 3.17. The insertion
loss for the ON state of Port 2 is less than 0.5 dB, the isolation is more than 30dB and the
return loss is better than -20dB up to 10GHz. While Port 3 is ON switch shows similar
performance with excellent insertion loss and Return loss. The third state of the switch
where port 4 is ON is similar to the case that port 2 is ON. Compared to the previously
presented switch in section 3.2.1, the switch has a much higher yield and consistency.
The main superiority of this switch is its potential for integration in large numbers

especially in the form of switch matrices.

3.3.3. Monolithic C-type RF MEMS Switch

With the advantages of monolithic fabrication, a new C-type switch to improve the
performance of the presented switch in section 3.2.2, is introduced. The fabricated
structure is shown in Figure 3.18 where the switch presents two different states. First, in
the State I, the connection is established between ports 1 to 2, and 3 to 4 and in the state

II the connection is changed from ports 1 to 4 and 2 to 3.

The input ports are 502 CPW lines with a signal line width of 60um, gap of 40um,
and ground plane width of 120um. Air bridges are employed to prevent the parasitic odd
CPW modes and to improve the performance. The structural material of the beam is 2um
of gold with a spacing of 3um with the electrodes that includes 1um oxide and 2um gap.

The cantilever beam is identical to that of the previously mentioned SP3T switch
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Figure 3.17: Two port measurement results for the proposed SP3T switch (a) while
port 1 & 2 are connected, and (b ) port 1&3 are connected
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with actuation voltage of 65 volts. A two port on wafer probe measurement shows an
excellent RF performance as presented in Figure 3.9. The insertion loss of the switch is
0.8dB at 10GHz and about 1.1dB at 15GHz. The return loss is -15dB at 10GHz, and the
isolation exceeds 20dB for all the frequency range up to 15GHz. This switch is indeed

suitable for integration in the redundancy switch matrices and redundancy networks.

DC =
10-Aug-05 CIRFE WD22.0mm 10.0k¥ x120 250um

Figure 3.18: Proposed monolithic C-type switch fabricated in the CIRFE lab at the
University of Waterloo.
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Figure 3.19: Measured results for the proposed switch in Figure 3.18.

3.3.4. Monolithic R-type RF MEMS Switch

R-type switches provide a superior advantage in comparison to C switches as they
operate in one more state (shown in Figure 3.21) which considerably reduces the number

of building blocks in redundancy switch matrices and simplifies the overall topology.

Figure 3.20 illustrates the proposed R-type MEMS switch. The switch is fabricated
in the CIRFE lab, based on the fabrication process proposed in section 3.3.1. The switch
has three different states. The ON position of the beams, 2 and 4, correspond to state I
shown in Figure 3.21, whereas state II is achieved when beams 1 and 3 are in the ON

position. Additionally, when all the beams except beam 5 are OFF, the switch represents

state III.
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Portl Port3 Port1 Port3 Portl Port 3

Port2 Port2 Port2

State | State 11 State 111
Figure 3.21: R type switch and its three different states; state | ports 1 and 4, and 2

and 3, are connected, state Il ports 1and 2, and 3and 4, are connected, and state 1lI
only ports 1and 3, are connected.

Port 1

10-Aug-05 CIRFE WD26._Tmm 10 _.0kY =90 500um

Figure 3.20: Fabricated R-type switch in the CIRFE lab at the University of Waterloo
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This switch consists of four CPW ports that are transformed to microstrip lines by
using the step junctions at ports 1 and 3. The steps’ inductive effect is optimized to
compensate for the capacitive characteristics of the beams. Moreover, the small tips at the

beams are also used to reduce the coupling between the adjacent ports.

The measured results of the proposed switch verify the concept as displayed in
Figure 3.22. Overall, the switch shows better than 0.8dB insertion loss at 10GHz for all
the states and about a -20dB return loss. The isolation of the switch is more than 20dB for
all the frequency range up to 15GHz. Because of the symmetry, the results of state II are
similar to those of state I. The aforementioned switch is very suitable for integration in
switch matrices, and considerably reduces the number of the switches in redundancy

switch matrices.

3.4.Thermally Actuated Multi Port Switches

Compact and energy efficient micro-actuators that yield a high output force and
displacement fulfill several uses in micro-system applications. This is more pronounced
for contact switches since the contact resistance strongly depends on the applied force.
Consequently, the use of thermal MEMS actuators is beneficial in developing RF MEMS

switches.

Generally, thermal actuators, based on metal materials have a number of
advantages due to metals large thermal expansion coefficients, and can deliver large
displacements and forces and consume less power. The power consumption is even
further reduced when the actuators are hermetically packaged in a vacuum. In this study,
one of the most well known MEMS metal micro-actuators called the Thermal Expansion
Device (TED) [52] is employed to develop novel SPST , SP2T, and C-type switches. The
performance of this type of switch is investigated under room conditions as well as

vacuum (see appendix B).
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3.4.1. Operation Principle of the Proposed Thermal MEMS Switch

TED actuators consist of two metal arms with different widths as shown in Figure
3.23. The thin arm of the micro-actuator has a higher electrical resistance than the wide
arm and therefore, on the application of a current, the thin arm is heated more.
Consequently the thinner arm is elongated more than the wider arm, and produces a
forward movement, that is transferred to an RF contact element by a dielectric layer

(Silicon Nitride).

Figure 3.24 reflects the entire structure of the proposed SPST switch fabricated by
the Metal MUMPs fabrication process [53]. The switch is based on finite ground CPW
lines. The thickness of the lines is 20um, the signal line width is 80um, the spacing is
75um and the ground plane width is 80um. This creates a 502 line lying on top of
silicon substrate. A 25um trench is etched under the transmission lines to reduce the RF
loss. As it was mentioned above, a dielectric layer of nitride is used to transfer the
actuator movement to the contact element. This layer is released and located underneath

the ground conductor. The use of an electric isolator rather than a conductor provides

Forward Movement

Gold Covered
Thick Arm Nitride Metal for RF

\ Contact

TED / \
‘ L A ’ Thin Arm
N/

Anchors

Figure 3.23: Proposed actuator based on thermal Expansion Device (TED.)

55



flexibility in the RF design of the switch, and renders the RF performance independent of
the actuators structure. The contact element is a small gold cover nickel that has a low
contact resistance with a 6um gap to the signal line. By application of DC voltage, the
actuator moves forward and shorts out the input line to the output port. On removal of the

DC bias, the actuator returns to its initial position and the switch turns OFF.

To close the existing gap between the contact metal and the signal line, a
displacement of 6 um is required. The measured result indicates that a voltage of 1.64V
induces a current of 360mA in the actuator. The generated heat from the current is
590mW which produces a forward movement and a high contact force at the signal line.
To prove the concept, a two-port RF measurement is performed and the data are plotted
in Figure 3.25. The results reveals a good return loss of better than -20dB for the
frequency up to 20GHz. The insertion loss of the switch is less than 0.9dB up to 10GHz

and increases to 1.5dB up to 20GHz. The insertion loss of the switch is mainly due to the

RF Contact Element Connected to The
Actuator Through a Nitride Layer
Below

Input Port Output Port

TED
Nitride bridge C A

from underneath

Trench On The
Silicon Substrate

& 03-May-05  CIRFE WD29.lm 10.0KV x90  500um

Figure 3.24: SEM picture of the proposed SPST switch.
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Figure 3.25: Measured performance of the proposed switch in Figure 3.24

low resistivity of the silicon substrate. In addition, the switch exhibits a good isolation of

more than 25dB for the entire frequency range.

The proposed structure is promising to handle higher power levels in comparison to
the conventional MEMS switches as it has thick metal conductors (25um). In addition, it
avoids the “self biasing”, [57], problem due to high spring constant of the actuator. The
newly developed structure is indeed suitable for integration in large systems and can be

easily incorporated in a circuit without adding any extra loads.
3.4.2. Thermally Actuated Multi-Port RF MEMS switches

The proposed concept is a good candidate for integration in large numbers and thus
suitable for basic building blocks of switch matrices. This idea is used to develop SP2T

and C-type or transfer switch as the main building block for redundancy switch matrices.

57



A single-pole double-throw (SP2T) thermally actuated switch is presented in
Figure 3.26. The switch makes use of TED actuators with an extended rigid silicon
nitride arm to transfer the force to the contact point. A bridge over the nitride layer is
used to connects the ground lines of the adjacent ports and eliminate the unwanted
parasitic modes of the CPW lines. In addition, to reduce the RF substrate loss, a 25um

trench is etched into the substrate.

To verify the concept, a two port measurement is performed, and the results up to
10GHz are illustrated in Figure 3.27. The return loss of the switch is less than -20dB for
all the frequency range. The insertion loss is better than 1dB up to 7GHz and less than
1.9dB up to 10GHz. The slightly high insertion loss is attributed to the substrate loss as
well as the discontinuity of the ground plane. The use of high resistivity silicon as base
substrate and also air bridges on the ground planes to avoid the asymmetry parasitic
modes of CPW lines, can significantly improve the performance. Also, the isolation of

the switch is measured which is more than 27dB for all the frequency band.

Contact
Metal

Trench on the
\\Silicon Substrate

.

SE 03-May-05 CIRFE WD29.3mm 10.0kVv x70

Figure 3.26: Proposed single- port double-throw (SP2T) switch.
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Figure 3.27: Measured results for the proposed SP2T

C-type or transfer switch is another type of multi-port switches that has been
investigated. As it was demonstrated in Figure 3.10, the switch has two operational states.
In state I, the connection is established between ports 1 and 2, and between ports 3 and 4,
and in state II, ports 1 and 4 and ports 2 and 3 are connected. Here, a new configuration
as shown in Figure 3.28 is proposed that is based on TED actuators and finite ground
CPW lines. A Nickel based TED is used to move a gold covered Ni contact element to
turn the switch ON and OFF. In state I, actuators 1 and 3 are excited and move forward
to provide a short circuit between ports 1 and 2 and ports 2 and 3. The ground planes of
the adjacent ports are connected to reduce unwanted asymmetry CPW modes. In the same
way, actuators 2 and 4 are biased to present stat II of the switch. Similar to the previously
proposed thermal switches, the actuators are electrically isolated from the RF section of
the switch shown in Figure 3.28 (b). This makes it more suitable to be integrated in large

switch matrices.
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(b)
Figure 3.28: (a) Proposed C-type switch and (b) RF section of the proposed switch.
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A two port measurement is performed and the results are plotted in Figure 3.29. It
shows a return loss of better than -17dB up to 10 GHz and the insertion loss is less than 1
dB at 8GHz. Although, there is a trench under the CPW lines, the slightly high insertion
loss at higher frequencies, is attributed to the silicon substrate loss. In addition, the
discontinuity of the ground planes induces parasitic odd modes and limits the operating
frequency band. Adding more air bridges helps to improve the performance. The switch
isolation exceeds 25dB for all the frequency band of interest. Due to the symmetric

structure of the switch, the results for state II are identical to that of state I presented in

the figure.
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Figure 3.29: Measured S-parameters for the proposed C switch shown in Figure 3.28
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3.4.3. Improved Multi-Port RF MEMS Switch

Although the presented switches show good mechanical performance, their RF
response can be still improved by using higher resistivity substrate. This modification

results in a superior RF performance as explained in this section.

The idea is initially verified by realizing an SPST switch using high resistivity
silicon substrate. The design is slightly modified and the RF circuit of the switch is made
more compact as shown in Figure 3.30. The RF results shown in Figure 3.31 present an
excellent performance. The insertion loss is less than 0.5dB for all the frequency range up
to 40GHz with a return loss of better than -15dB. Compared to the previously presented
thermal SPST switch in section 3.4.1, not only the loss has drastically decreased but also
the operating frequency band has significantly improved. The switch maintains the

isolation of better than about 20dB for all the frequency range up to 40GHz.

Figure 3.30: Modified design of the proposed SPST thermally actuated RF MEMS
switch
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Figure 3.31: Measured results for the proposed design shown in Figure 3.30

The proposed SP2T switch shown in Figure 3.26 makes use of a contact metal that
has a round shape. This provides a 90 degrees bend, required to connect the two adjacent
ports. However, the amount of the applied force at the contact points is much less than
the actuators induced force. This is due to the 45degrees angle of the actual generated
force of the actuators and the contact surfaces. To overcome this problem and enhance
the switch performance, a new design shown in Figure 3.31 is proposed. In this
configuration, the total force of the actuators is transferred to the contact points and thus
reducing the contact resistant significantly. Besides, use of high resistivity silicon
substrate improves the performance and reduces the RF loss. The results that are
illustrated in Figure 3.33Error! Reference source not found., indicate a 0.5 dB insertion
loss at 20GHz with a return loss of better than -15dB. The isolation of the switch is better

than about 30dB for all the frequency band of interest.
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Figure 3.33: Measured results for the proposed design shown in Figure 3.32
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This concept is also implemented on C-type switch and shown in Figure 3.34. The
force generated on the actuators is directly transferred to the contact points and results in
very low contact resistance. Besides, the continuity of the ground lines is maintained to
avoid unwanted parasitic CPW modes and obtain wideband performance. The switch
comprises two different states while ports 1 and 2, and port 3 and 4, are connected and in
the other state ports 1 and 4, and ports 2 and 3, are linked. The results are shown in
Figure 3.35 which represent a significant improvement compared to the previously
discussed C-type switch. The insertion loss is as low as 0.9dB at 10GHz and 1.5 dB at
30GHz and the isolation is better than 30dB for all the frequency band of interest.

Multi-port nature of these switches and their low insertion loss and high isolation,
creates unique devices for the applications with large number of elements. These
switches are superb nominees for basic building blocks of redundancy switch matrices in

satellite communications.

3.5.Summary

In this chapter, electrostatic and thermal actuators are investigated to develop multi-
port RF MEMS switches. Experimental results for novel configurations of SPST, SP2T,
SP3T, C-type and R-type MEMS switches are given.

Initially the PolyMUMPs process is used to fabricate the electrostatic switches. To
avoid the extensive loss of the silicon based process, the switches are assembled on an

alumina substrate using flip chip technology.

The switch designs are optimized and are fabricated monolithically on an alumina
substrate at the CIRFE lab at the University of Waterloo. An extensive effort is spent to
develop and fine tune the new fabrication process for the proposed switches. This results

in a superior performance and substantially increases the fabrication yield.
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Figure 3.34: (a) Proposed modified C-type switch and (b) its RF section
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Figure 3.35: Measure results for the C-type switch illustrate at Figure 3.34

In addition, novel thermally actuated switches are developed and new SPST, SP2T
and C-type switches are designed, analyzed and fabricated. These units are fabricated
monolithically with well established Metal MUMPs process and make use of well-known
metal thermal actuators (TED) which consume very low power. The switches are
investigated and tested at three different situations: 1) room condition, 2) vacuum and
room temperature and 3) a very low temperature of 77K degrees. The prototype units

behave very well under all conditions and show a good mechanical and RF performance.
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Chapter 4

3D Multi-Port RF MEMS Switches

4.1. Introduction

Another key area which has not been adequately addresses yet by MEMS
researchers is the development of millimetre-wave switches. These switches are applied

in communications that cover a wide frequency range of 30GHz to 300GHz.

In recent years there has been a growing interest in wireless communications for
indoor applications as well as global coverage by mobile phones. Since millimeter-wave
bands are less congested than the bands at lower frequencies, they can offer wide
bandwidths for multi-channel communications. Typically, these types of systems need
many switches in the form of switch matrices to provide the connectivity. Millimeter-
waves also play an important role in the automobile industry. Adaptive cruise control
(ACC) systems employing 77GHz car radars have recently become available in luxury
models [58]. Automotive radar for collision avoidance is another field of active research
in the frequency range of the V band and W band. They require switches to be activated
in the case of emergency. In addition, frequencies higher than 100GHz play an important

role in the military and imaging systems of radio astronomy.

In these applications, high performance switches, suitable for low cost microwave
integrated circuit production are strongly required. PIN diode and InP HEMT switches
are popular at millimeter wave bands up to 100 GHz [59]. However they are lossy (~ 3db
insertion loss), narrow band (~5% BW) and exhibit poor isolation (~ -18dB) [60]. To

achieve a good RF performance as high as few hundred gigahertzes, waveguide switches
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could be used. Figure 4.1 is a photo of a motorized waveguide switch that is currently
available in the market and exhibits an excellent performance as high as 220GHz [60]
with isolation higher than 50dB and approximately 40% BW. The switching is
accomplished through a make or break in the waveguide path by a control signal
activating a rotary electrical motor. In contrast with PIN diode, the switches have
capability of handling high power. However, motorized waveguide switches are heavy

and bulky and require new solution especially when the mass reduction is a critical issue.

Figure 4.1: Motorized waveguide switch for the frequency range of 18 GHz to 220GHz
[60] .

RF MEMS switches are good candidates to substitute for the existing mechanical
switches due to their superior RF performance and miniaturized dimensions [57].
However, their high actuating voltage and low power handling are still major obstacles.
The “stand off voltage” or “self biasing” of electrostatic MEMS switches, defined as the
maximum RF voltage before pulling the beam down, is one of the main limiting factors.
In additions, a stiction problem due to the charge trapping in the dielectric layer between

the electrodes is also a challenge to switch reliability.

In this chapter, we introduce unique RF MEMS 3D switches that promise to
combine the advantageous properties of both 3D transmission lines and MEMS switches.
It is based on waveguide and coaxial lines with inner integrated MEMS vertical actuators
to create the ON and OFF states. It provides the opportunity to have high power levels

and excellent RF performance, but avoiding the heavy and bulky motors of the
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conventional mechanical switches.

4.2. RF MEMS Ridge Waveguide Switch

Figure 4.2 offers a schematic of the proposed DC-contact shunt MEMS waveguide
switch. It consists of a ridge waveguide incorporated with MEMS actuators. The
dimensions of the ridge waveguide are: a=10.8 mm and b=4.4mm. The ridge width and
height are 1.6mm and 4mm respectively, which leaves a 400um gap on the bottom side
of the waveguide. It is well known that the electric field has a strong intensity in this gap
along the ridge where the MEMS plates are located. When the plates are in the
horizontal position the switch is ON and the wave propagates through the waveguide. By

moving the plate to the vertical position, wave propagation is blocked and the switch

|

|

Ridge !
Waveguide v
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/ 4 L
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/s / / 7
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< > are moved by
a actuators
(a)
- —
— — Inout T Line T Line ST Line
Input Tline  Output fpu L L L L ¢ Output
Inductive irises (MEMS
actuators)
Switch at the ON state

Switch at the OFF state
(b)

Figure 4.2 (a) Waveguide switch conceptual schematic and (b) circuit model.
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turns OFF.

Several of these MEMS plates have been used to obtain a good OFF state switch
isolation. The plates act as parallel irises inside the waveguide. For the dominant mode,
the equivalent circuit of each actuator is simply an inductor shunting the waveguide. The
entire switch circuit model is presented in Figure 4.2(b). The MEMS actuators are
substituted with 130pH inductors whereas the waveguide is represented by a transmission
line. Figure 4.3 is a comparison between the isolation results of the EM HFSS model and
those of the circuit model in Figure 4.2. A good agreement is observed. It is clear that an

1solation of more than 40 dB could be achieved for the ideal contact over the satellite Ku

band (12-15 GHz).

0 . .
—— Retum loss
-5 ——= Insertion loss
---- Isolation
SLO Isolation(circuit model)
-15¢F y

Satellite Ku band &

S parameters (dB)

Frequency (GHz)

Figure 4.3. Ridge waveguide switch performance based on the HFSS Simulation and
circuit model.

4.2.1. Single-Pole Single-Throw RF MEMS Waveguide Switch

The proposed waveguide switch involves a large plate that is used to block the

waveguide in the “OFF” state. In the “ON” state, this plate should be entirely removed
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from the signal path, to a position that is coincident with the waveguide surface. For an
SPST switch, the thermal plastic deformation assembly (TPDA) method is used to

assemble a large plate to an orientation orthogonal to the substrate [61].

Figure 4.4 graphically depicts the principle behind the TPDA method. Initially, a
bimorph of gold and polysilicon fabricated by using the PolyMUMPs surface
micromachining process assumes a planar geometry. When the temperature is increased,
the difference in the thermal expansion coefficients results in a deflection of the bimorph
in the direction shown in Figure 4.4(b). At high temperatures (~200 C) the metal layer
yields under large compressive stresses from actuation. Upon relaxation as the
temperature is lowered, the bimorph assumes a new geometry due to plastic deformation
(Figure 4.4(c)). When a current is passed through the beam, joule heating actuates the

bimorph to return to its initial position [62].

The geometry in Figure 4.5 provides a large out-of-plane rotation with a small
footprint, and can be actuated with low voltages of ~10V and a current of SmA to rotate
90 degrees in less than 1 millisecond. This is accomplished by cascading several of the
bimorphs by using a staggered helical geometry. The deflected tip of a bimorph is
connected to another bimorph using a passive beam, and this process is repeated to obtain

the desired motion by adding the deflections in series [63].

The payload of the actuator, shown in Figure 4.5, is 100um x 200um X 2um plate.
The waveguide switch makes use of the same actuators with a much larger payload, a
400um x 2500um x 2um plate, as shown in Figure 4.6(a). Figure 4.6(b) displays four
MEMS plates in the vertical state that are used for the waveguide switch. After initial
assembly, the application of s DC voltage rotates the plates to the horizontal state acting
as a flat gold surface at the inner bottom side of the waveguide. The gold coating of the
silicon surface (actuators base substrate) is instrumental in avoiding signal loss in the

waveguide.
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(a) (b)
— E= ]
(c) (d)

Figure 4.4: Device (a) initial position, (b) exposed to higher temperatures and stress:
~200 degrees C, ~20minutes metal yields, (c) relaxation, new stress mismatch results
in deformed geometry and (d) low voltage can be used to actuate the bimorphs to
return to their initial position [63].

Figure 4.5: Cascaded rotary actuator at (a) initial position, (b) partially assembled and
(c) fully deformed position [63]..
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Figure 4.6 (a) 2.5mmx0.4mm gold covered plate moved by the actuators, (b) four
MEMS plates are incorporated at the bottom plate of the waveguide.

4.2.1.1.Single-Pole Single-Throw (SPST) MEMS Waveguide Switch With
Waveguide Transition

To integrate the waveguide switch in a system, a ridge waveguide to standard
waveguide transition is needed. Figure 4.7 shows a switch schematic that consists of a
single ridge waveguide in the centre and two quarter-wave multi-section impedance
transformers on both ends. The total length of the switch is 26mm which includes 10mm
of the central ridge waveguide section. The switch is designed to match to a WR62

waveguide interface.

The switch is manufactured in two detached top and bottom parts that facilitates the
assembly of the MEMS actuators. As shown in Figure 4.8, the MEMS actuators are

integrated in the bottom plate and the waveguide channels and ridge are fabricated on the
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Figure 4.7: Schematic of the proposed MEMS waveguide switch (a) 3-D and (b) cross
section.
top cover. This helps to fabricate the structure by a well established machining process

followed by gold plating.

To evaluate the fabricated waveguide and the transitions performance, the
simulation and measurement data are compared in Figure 4.9. For measurement purposes,
a flat gold plate is used instead of the MEMS chip. The small discrepancy is attributed to

the machining error and to the discontinuity created by the gold plate.

After the integration of the MEMS actuators, a two-port measurement on the
waveguide switch is performed and the results are illustrated in Figure 4.10. This figure

shows an isolation of better than 18 dB and a return loss better than 15 dB over a 1 GHz
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bandwidth (13.2 to 14.2 GHz). An insertion loss of 2.5 dB which is much higher than the
measured insertion loss, shown in Figure 4.9 for the ideal gold plate, is observed. The
high insertion loss is attributed to the existing small gaps between the silicon substrates as
four separate chips are used. It is also attributed to the substrate loss because only the top

surface of the silicon chips is coated with gold.

For higher frequency range and millimeter wave applications, the bottom part and
the MEMS actuators could be monolithically fabricated. The top ridge waveguide cover
could be done through silicon wafer deep Reactive Ion Etching (RIE) followed by gold
evaporation. Then well known wafer bonding techniques are used to assemble the entire

waveguide switch.

Figure 4.8: Fabricated waveguide switch (a) bottom plate, (b) top cover, and (c)
assembled on top of each other.
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Figure 4.9: Measured and simulated results for the ridge waveguide structure with
the transitions.
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Figure 4.10. Measured results for the waveguide switch shown in Figure 4.7.
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4.2.1.2.Wideband Single-Pole Single-Throw (SPST) MEMS waveguide switch with
CPW transition

Although the ridge waveguide switch shown in Figure 4.2 is suitable for wideband
applications, the use of the waveguide impedance transformer limits the operating
frequency band. To overcome this problem and evaluate the wideband performance of
the waveguide switch, we use a ridge waveguide to coplanar line transition to cover both

Ku and K bands. A conceptual schematic of the proposed idea is shown in Figure 4.11.

To realize this switch, the MEMS plates and actuators are integrated on the bottom
plate and the waveguide channel and ridge are fabricated on the top cover, as seen in
Figure 4.12. A microstrip line is used as an interface to transform the ridge waveguide
mode to the CPW mode. When the ridge waveguide and the circuit board are clamped
together, the ridge makes contact with the microstrip signal line. An extra extension of
the ridge is used to achieve a good contact between the waveguide and the planar circuit.
The lower broad wall of the ridge waveguide is extended to form the microstrip ground
plane. Then an in line microstrip to CPW transition is used. Plated through holes are
utilized to connect the CPW ground planes to the waveguide bottom surface. For
measurement purposes, the widths of the lines are further narrowed to match the 150um

probe pitch.

To minimize the mismatch between the waveguide and microstrip line for over the
band of interest, the ridge waveguide characteristics impedance is designed to be around
50Q2. This leads to a ridge width of 1.6mm, height of 4mm, and the waveguide channel
dimensions of 10.8mmx4.4mm. To assure minimum field perturbation during the
waveguide to microstrip mode transition, a low k substrate is employed. For a 15mil
(~254um) quartz substrate with €=3.8, the microstrip line width is 0.8mm. It is observed
that adding an inductive section to the microstip line improves the performance by

compensating for the fringing capacitance of the ridge at the transition.
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Figure 4.11: Schematic of the proposed MEMS Switch (a) 3D view and (b) cross
view.
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Figure 4.12: MEMS waveguide switch with transition to CPW (a) total structure and
(b) top and bottom plates.
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To verify the performance of the ridge waveguide to the CPW transitions, the
MEMS chips are substituted by a flat gold plate and a 2-port measurement is performed.
The results are presented in Figure 4.13. After integrating the actuators in the waveguide,
the switch performance is also measured and is shown in Figure 4.14. This proves that
the switch in Figure 4.2 has a great potential for wide band applications. A return loss
close to 15dB is achieved over a 12-30 GHz band. The insertion loss of the switch is
between 1 to 2.8dB over the Ku and the K band which is attributed to the gaps between
the MEMS actuators. The insertion loss can be significantly improved by realizing the
four MEMS actuators on one chip. The isolation of the switch is also measured and is
reflected in Figure 4.14. The deviation between the measured data and the theoretical
results shown in Figure 4.3 is due to the non ideal contact of the actuators and the ridge
surface. However, the measured results of the initial prototype are encouraging and

demonstrate that the switch is promissing for wideband applications.
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Figure 4.13: Ridge waveguide performance with the CPW transitions.
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Figure 4.14: Measured data the switch shown in Figure 4.12.

4.2.1.3. MEMS Waveguide Switch Power Handling Analysis

Although traditional MEMS switches have demonstrated superior RF performance
in terms of insertion loss and DC power consumption, their power handling capability is
very limited. To date, the vast majority of the studies have been focused on the MEMS
switch applications and few authors have addressed the power handling concerns [64]-
[66]. In this section, a theoretical and experimental study that addresses the different

power limiting factors of our proposed switch is provided.

A. ON state

When the switch is in the ON state, the MEMS plates are in a position which
coincides with the bottom surface of the waveguide. In this situation, the main concern is

the switch self actuation problem which is discussed next.
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Figure 4.15 illustrates the electric field distribution for the dominant mode of the
ridge waveguide. It is clear that the electric field mainly concentrates between the ridge
and the MEMS plates. The resultant potential difference between the ridge and the
MEMS plates induces a force on the plates toward the ridge that can be modeled by
parallel plate force as follows [57]:

AV,

292(\/5

Y(1+cos(2at )) (4.1)

RF —

where g is the gap between the ridge and the MEMS plates and A is the area of the plates.
It should be noted that the high frequency component of the force does not move the
plates and only the constant portion of that may affect the switch functionality. Thus, the
applied force is equal to that of the two parallel plates with a voltage of V, /42 and an
equivalent area of A. Due to the large fringing field generated around the ridge, this area
is not equal to the physical area. A numerical electrostatic simulator, Maxwell Q3D, is
used to calculate the overall capacitance and also the equivalent area A¢q. For a ridge

thickness of 4mm and a width of 1.6mm, the equivalent area is A, =3.8A where

physical !
Aphysical 15 1600 m x 400 um (the ridge’s and the MEMS plate’s common area). It should

be noted that this calculation is based on a 400um constant gap between the two parallel

plates. Therefore, the induced force can be calculated from:

3.8A v,

_ ' physical

2 4.2)
F_=—2=
RF 292 ( /—2 )

Additionally, according to the idea of the transmission line (TL) theory presented in
[57] and [65], the potential difference V,, for 10W input power is about 31volts.

Following this procedure, the induced force to the actuator from the RF signal is 33nN
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for a 10W input power and 165nNfor a SOW input power. This force is comparable to the
MEMS plate gravity force which is about 78nN but it is far below the micro Newton

range force that is applied through thermal actuators.

Figure 4.15: Field distribution for the dominant mode of the waveguide switch.

To verify the concept, a high power measurement is carried out on the waveguide
switch (as denoted in Figure 4.16), for the ON state. A 14GHz signal is generated in the
synthesizer and is amplified in a 20W Varian amplifier with a built-in isolator. The signal
is guided to the switch under test through a 20dB coupler. A small portion of the signal is
used to record the power by using a power sensor and power meter. Another coupler,
power sensor and power meter is used to measure the switch output power. The switch is
tested up to 13 Watts with no major change in the RF performance. Only a small increase
in the insertion loss is observed which is attributed to the increase of the loss as the
switch is heated. The 13 Watts value is the power limit that is obtained by using the

existing setup in our lab.

The results indicate that the proposed switch does not suffer from the self biasing
voltage problem which is one of the main RF power limiting factors of the existing
switches. Despite the fact that the equivalent area of the parallel plates

(1600umx400umx3.8) are much larger than that of the existing MEMS switches
(=100umx100um [57]), the large gap allows significantly higher power handling levels.

For high frequency ranges, (100 to 200 GHz) one can still maintain a relatively
large gap (50 -100 um) which makes it possible to construct high frequency, high power
MEMS switches.
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Figure 4.16: Power measurement setup.

B. OFF state

As mentioned before, the MEMS plates in the OFF state act as inductors which
shunts the switch. For high power applications, the current passing through the plates can
exceed the gold critical current density damaging the switch. However, this problem is
less pronounced in the proposed switch, since the current (depicted in Figure 4.17) does

not peak up at the edges as in the case of the CPW and microstrip MEMS switches.

Having neglected the mutual effects of the actuators, it can be assumed that each

MEMS plate provides one quarter of the total measured isolation, as signified in Figure
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Current distribution path

Figure 4.17: RF MEMS actuator model and its surface current distribution inside the
waveguide in the OFF state.

4.10. According to the TL theory, this results in 44% of the total short circuit current
being conducted in the first MEMS plate which makes it the most vulnerable actuator in
the joule heating issue. Considering the skin depth of the gold, for an input power of 1,10
and 50 W, the resultant current density is 0.01, 0.03, 0.07 MA/cm® respectively. These
values are far below the critical current density of gold (0.5MA/cm? ) proving that in this
power range joule heating is not the limiting factor [62]. The same power test setup in
Figure 4.16 is adapted to evaluate the switch power handling capability in the OFF state.
As the vast majority of the current (44%) passes through the first actuator, only one of the
actuators is assembled to turn the switch OFF. The measured isolation does not change as
the input power is increased from IW to 13W. The experiment is repeated several times

providing consistent results.

Although the waveguide nature of the switch solves some of the concerns related to
the MEMS switches, the use of thermal actuators could be one of the limiting factors.
The plastic deformable actuators life time under the high power condition is considerably
reduced. This is due to the change in the residual stress of the actuators, which leads to a

significant change in the actuating voltage.
4.2.2. Multi-Port RF MEMS Waveguide Switch

To provide redundancy schemes and improve the reliability of both receive and
transmit subsystems, satellite payload systems employ sophisticated switch matrices.

The basic building blocks of such switch matrices are the C-type switches in Figure 3.10.
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The use of multi-port switches rather than simple SPST switches considerably simplifies
the integration problem. It is the objective of this section to present the new idea of an
integrated multi-port MEMS-based waveguide C-type switch for satellite redundancy
switch matrix applications. Here, the new switch configuration takes advantage of unique
sets of bi-layer electrostatic actuators. These switches offer an excellent RF performance

with no DC power consumption which is a key requirement for satellite applications.

For this purpose, a unique set of electrostatic bi-layer curled actuators are designed
and fabricated using PolyMUMPs surface micromachining process [67]. The thermally
plastic deformation assembly (TPDA) method [63] is used for the initial assembly of the

beams; afterwards, electrostatic voltage is used to roll the beams up and down.

Figure 4.17 (a) shows the fabricated actuators composed of a 1.5um of thick poly
silicon and a 0.5 um gold layer on top. The beam is approximately 100 um in width and
1500 um in length. Initially, after the release, the bimorph of gold and poly silicon
assumes almost a planar geometry. At the expose to higher temperature (~200 degrees for
10 min), the metal yields and upon relaxation, a new stress mismatch results in a
deformed beam toward the gold layer (top layer). This results in a curled beam as
illustrated in Figure 4.17(b). Another polysilicon layer (poly0) under the beam is used as
the electrode layer. To prevent the beam from collapsing to the bottom electrode, two
stoppers steps at both side edges of the beams are utilized [71] . At the down position,
these two steps contact the lower surface of the chip and stop the beam from unwanted
collapse to the electrodes underneath. The measurement results demonstrate a required
voltage of about 20 volts to roll the beam down. The actuation mechanisms of the bi-
layer beams are similar to that of Lincoln Lab tri-layer beam used for an SPST switch
[64]. Upon the application of DC voltage, the beam begins to roll down till the entire

beam coincides with the bottom surface of the chip.

Figure 4.18 (b) exhibits the entire actuator set that is used in the proposed switches.
It contains four rows of the electrostatic actuators. Each row includes four bi-layer beams

acting as shunt inductive irises in the OFF state. The applications of four separate
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Figure 4.18. (a) Single bi-layer curled beam from the top view and (b) one set of
actuators in the down and up states.
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beams rather than a single plate facilitate to have a better isolation in practice. It is
because of the fact that the use of separate actuation mechanisms increases the overall
contact points and hence reducing the contact resistance. All the actuators and also the
rest of the area of the chip are covered with gold film to reduce the loss of the silicon

base substrate.

4.2.2.1. C-type or Transfer RF MEMS Waveguide Switch

The proposed configuration of the C-type RF MEMS waveguide switch is
portrayed in Figure 4.19 [69] . The prototype unit is designed for satellite Ku band
applications. The switch is based on multi port single ridge waveguide structure that
incorporates four sets of MEMS actuators. The inner waveguide channel is 10.8x4.4 mm
with a ridge width of 1.6 mm and height of 4mm. This leaves around a 0.4 mm gap in
between the ridge and the inner surface of the waveguide. The MEMS actuators are
incorporated inside the waveguide under the ridge where the electric field has its
maximum intensity. These actuators are initially in a position perpendicular to the inner
wall of the waveguide which provides a short circuit between the ridge and the bottom
plate of the waveguide. To establish a through path, these actuators are entirely removed
to a position that coincides with the inner surface of the waveguide to have the least

interference with wave propagation.

Figure 4.20 depicts the principle theory behind the proposed structure
demonstrating state I. The switch is designed to be integrated in standard WR62
waveguide systems. Therefore, A/4 transition to ridge waveguide is designed and utilized
at the input ports. A ridge waveguide T-junction is used to connect the input line to two
neighbouring ports. In the state I, the actuator sets of 1&3 are in the vertical position
acting as shunt inductive irises. These inductors are designed to make a good short circuit
and provide a high isolation between ports 1 & 2 and ports 3 & 4 at the frequency band of
interest. An extensive effort is made to design the ridge waveguide discontinuities and
the junctions in a way that the transferred impedance of the shunt irises act as open circuit
and does not interfere with the transmitted signal from port 1 to port 4 and from port 2 to

port 3. Meanwhile, the actuator sets 2 & 4 are in a position that coincides with the inner
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Figure 4.19. C-type switch conceptual schematic

wall of the waveguide providing a perfect ridge waveguide transmission line. A
numerical analysis by using the FEM method realized by Ansoft HFSS [68] is performed
and the results for state I are presented in Figure 4.21. It shows the ultimate achievable

performance of the switch for the lossless MEMS actuators with ideal contact.

State II of the switch is realized by the application of a DC voltage to the actuator
sets 1 and 3. This provides a through path from port 1 to 2 and port 3 to 4 and blocks the
wave path between ports 1&4 and 2&3.

To prove the concept, a C-type MEMS waveguide switch is fabricated and tested.
To realize the switch and facilitate MEMS device assembly, the waveguide structure is
fabricated from two detached parts of the top and bottom. The top part includes the ridge
waveguide channels as shown in Figure 4.22. The bottom plate incorporates the MEMS
actuators and the required DC feed through pins. This structure is fabricated with the well

established conventional machining process followed by gold electroplating. Although a
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Figure 4.20. Operation diagram of the C-type switch shown in Fig. 3 in the state I.
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Figure 4.21. Simulation results for the proposed C-type switch with an ideal
contact.
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Figure 4.22: (a) Top plate including the ridge and the waveguide structures (b) Bottom
plate that incorporates the MEMS actuators (c¢) Proposed C-type MEMS Waveguide
Switch

waveguide interface is used for this prototype, the I/O interface can be -easily

implemented using co-planar lines.

After integrating the actuators inside the waveguide, a two-port measurement is
performed while the other ports are matched. The results in Figure 4.23 indicate that a
good return loss of better than -20dB has been achieved over 1 GHz bandwidth (13.3-
14.3GHz). The measured insertion loss is about 1dB. This is principally attributed to the
silicon substrate loss (actuators base substrate) underneath the beams they are in the
vertical position and can be reduced by using a low loss alumina substrate. The

measurement results show an excellent isolation of about 36-40dB. It is noteworthy
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Figure 4.23. Measured results of the proposed C-type waveguide switch

that the deviation of the measured isolation with that of presented in Figure 4.21 is due to
the fact that the simulation has been performed for an ideal contact with no resistivity.
Nevertheless, due to the higher contact force of the novel actuators used in this switch,
this is a tremendous improvement in comparison to the isolation achieved for the

previously reported SPST MEMS waveguide Switch (15-17dB).

4.3. RF MEMS Coaxial Waveguide Switch

Although the proposed ridge waveguide switches indicate and excellent potential
for high frequency and millimetre-wave applications, the switches have a very limited
bandwidth mostly due to the quarter wavelength ridge to waveguide transformers. In

addition, these switches are relatively large and smaller switch structures are desired.

In this section, we introduce a novel type of switch, based on coaxial lines
integrated with MEMS actuators [70] is detailed. In comparison with the MEMS ridge
waveguide switch, the MEMS-based coaxial switch exhibits a much larger bandwidth

and 1s smaller in size.
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Figure 4.24 shows a conceptual schematic of the proposed SPST coaxial MEMS
switch where the MEMS actuators are integrated inside the coaxial structure on two sides
of the line. For the ON state, the actuators are down coinciding with the inner wall of the
outer conductor. For the OFF state, the actuators are in a vertical position shorting the
inner conductor to the ground. The two sets of actuators on the top and the bottom,

provides a very small parallel inductance and can offer good isolation.

Inner
conductor
MEMs
actuators
(@)
Outer
conductor

MEMs
actuators

Figure 4.24. The conceptual schematic of the proposed coaxial switch (a) ON state,
actuators coincide with the waveguide surface and (b) OFF state, actuators are in the
vertical state.
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4.3.1. Single-Port Single-Throw (SPST) RF MEMS Coaxial Waveguide Switch

To prove the concept, a rectangular coaxial switch is designed and is shown in
Figure 4.25 (a). The rectangular coaxial line is picked because of ease of fabrication. An
extensive effort is made to design a 50 € line and at the same time obtain a good
isolation in the OFF state. This results in an outer conductor size of §mmx 1.8mm and the
inner conductor has a size of 0.9mmx0.8mm. It should be noted that using a thickness of
0.8mm for the central line leaves about 0.5mm space on each side. The actuators at the

OFF state curl up for 0.5mm and short the outer conductor to the central line. These

Port 2
Om
~ I J0.5m
~ ~ -
Port1 "~<
MEMS actuators
8m
(a)
0 v . .
Return loss
-10F ==== [nsertion loss |
=== Tsolation
208
__——l-.-——————.—

S parameters (dB)

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

(b)

Figure 4.25: (a) Conceptual schematic and (b) simulation results for the proposed
rectangular SPST coaxial switch.
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actuators are entirely removed from the signal path for the ON state and provide a 502

coaxial through path.

By using HFSS® software the structure is analysed numerically and the results are
given in Figure 4.25(b). It should be noted that the effect of the connectors and contact
resistance is not considered and the given results reflected the ultimate performance of
the proposed structure. To evaluate the concept, the switch is fabricated by a
conventional machining process and gold electroplating. As seen in Figure 4.26(a), the
outer conductor is constructed from two identical detached parts to facilitate the MEMS
chip assembly. The DC voltage is applied through the DC pins at both sides of the
MEMS chip and the inner conductor is attached to the SMA connectors at each port.

Figure 4.26(b) is a comparison on the proposed structure with that of the previously
explained waveguide switch which clearly demonstrates that the SPST coaxial switch is
much smaller in size. This is especially beneficial for satellite applications where mass

reduction is an important issue.

Figure 4.27 records the two port measurement data for the proposed SPST MEMS-
based coaxial switch. For the ON state when the actuators are in a position that coincides
with the wall of the outer conductor, the return loss of the switch is less than -17dB from
DC to 18 GHz. The measured isolation is 35dB for the lower frequencies and reduces to
20 dB at 17GHz. The insertion loss is less than 0.5dB up to 4GHz. The deviation of the
measured results with those of the simulation with the HFSS is attributed to assembly
imperfection and RF performance limitations of the SMA connectors employed in this

prototype unit.
4.3.2. C-type or Transfer Coaxial Waveguide Switch

In this section, the idea of coaxial RF MEMS switches is expanded to a multi-port
C-type switch. The conceptual schematic of the proposed C-type RF MEMS coaxial
switch is shown in Figure 4.28. The switch uses the identical dimensions of the inner and

outer conductors as the dimensions used in the proposed SPST switch. This leaves
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Figure 4.26 (a) Ground shielding and the central signal line of the switch and (b)
integrated switch and comparison with the previously published SPST waveguide
switch.
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Figure 4.27: Measured results for the proposed RF MEMS coaxial SPST switch.

a 0.5mm space on each side between the central line and the ground, where the actuators

are located.

For state I, the actuator sets 1&3 are in a vertical position perpendicular to the line
and provide a short circuit between the signal line and the switch housing. Meanwhile,
the actuator sets 2&4 are in the down position and are establishing a through path. To
realize state I, actuators 1&3 are removed from the signal path whereas actuator 2&4 are
rotated to a vertical position blocking wave propagation. Figure 4.29 depicts a simple
circuit model of the proposed structure for the switch operating at state I. A coaxial T-
junction is used to connect the input line to the two neighbouring ports. The vertical
actuators (sets 1&3) behave as shunt inductive irises. These inductors are designed to
make a good short circuit and provide a high isolation between ports 1 & 2 and ports 3 &
4 at the frequency band of interest. An extensive effort is made to design the
discontinuities and the junctions in a way that the transferred impedance of the shunt
irises behave as an open circuit and does not interfere with the transmitted signal from

port 1 to port 4 and from port 2 to port 3.

After, a prototype unit of the proposed coaxial c-switch is constructed and tested.
To facilitate the integration, the switch housing is fabricated from two identical detached

parts by using the conventional machining process shown in Figure 4.30. After the
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Figure 4.28: Proposed coaxial C-type switch
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Figure 4.29. Operation diagram of the C-type switch shown in Figure 4.28 in state I
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central signal line is also machined separately and it is gold plated. The MEMS actuators
are integrated inside the ground housings, and a DC voltage is applied through the DC
pins at both sides of each actuator set. The entire switch is assembled and connected to

four SMA connectors for measurement.

Top or Bottom part Central signal line

(a) (b)

Identical
top or
bottom
parts

Figure 4.30: Fabricated coaxial c-type switch (a) top or bottom parts, (b) central
signal line, (c) integration of the switch, and (d) integrated RF MEMS coaxial C
switch.
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The results of the two port measurement are revealed in Figure 4.31. A bandwidth
of 65% for a return loss of less than -18 dB is measured (6-12 GHz). The insertion loss is
between 0.9dB-1.2dB over the entire band which is mainly attributed to the connector
loss and the silicon loss of the actuators base substrate. The isolation of the switch is
better than -30 dB over the entire band. In a comparison of the measured data for the
coaxial switch with that of the ridge waveguide switch in Figure 4.23, the coaxial switch
offers a bandwidth that is nine times larger. This is achieved mainly because of the
wideband nature of the coaxial lines compared to that of the ridge waveguide. In addition,
unlike the ridge waveguide switch, there is no need to use any transformers for the

MEMS coaxial switch.
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Figure 4.31: Measurement results for the proposed RF MEMS coaxial C-type
switch shown in Figure 4.30.
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4.4. Summary

In this chapter, for the first time, the concept of a 3D MEMS switch is explained in
details. This type of switch is based on 3D transmission lines with incorporated MEMS
actuators. Waveguide and coaxial MEMS switches are two different categories that have
been investigated and various prototype units are fabricated and tested. These structures

are promising to be extremely useful in high power and millimetre-wave application.

Initially, MEMS waveguide switches are presented where MEMS thermally plastic
deformable actuators are integrated with a ridge waveguide to construct the switch.
Simulation and experimental results are presented for the Ku- and K band MEMS
waveguide switches. Also, an RF power measurement is performed to confirm the ability
of the suggested switch to handle relatively high power levels (13W). In addition, the
concept is expanded to multi-port 3D MEMS switch and a novel configuration for the C-
type switch is presented. The ridge waveguide C-type switch incorporates unique sets of
electrostatic bi-layer curled beams. The measured data proves the concept and shows a
return loss of better than -20dB, insertion loss of 0.9-1.2dB, and an isolation of 40dB.
According to the literature, this is the first time that a waveguide-based RF MEMS switch

has been studied

Besides, an entirely new configuration of an RF MEMS coaxial switch is
introduced offering a much larger bandwidth. To verify the idea, an SPST and a C-type
MEMS-based coaxial switch is designed, fabricated and tested. The resultant bandwidth

is nine times larger than that of ridge waveguide switch.

The 3D RF MEMS switches presented in the chapter are extremely useful in
satellite redundancy switch matrix applications. Moreover, the switches can be realized
monolithically for millimeter-wave applications and are expected to have a power

handling capability much higher than that of traditional MEMS switches.
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Chapter 5

Monolithic RF MEMS Switch Matrix

Integration

5.1. Introduction

In telecommunication systems, microwave and millimeter wave switch matrices are
essential components since these matrices enhance satellite capacity by providing full and
flexible interconnectivity between the received and transmitted signals. The demand for
more advanced switching systems has increased by the recent growth in multi-media,

mobile and internet applications.

Satellite beam linking systems vastly rely on switch matrix functionality to manage
traffic routing and for optimum utilization of system bandwidth [72]. Figure 5.1(a) is an
example of a satellite payload, receiving six different beams from various locations and
transferring them to their intended spots. The beam link system creates the sub-channels
for each uplink beam where the switch matrix provides the flexibility to independently

direct them to the desired downlink channel.

Figure 5.1 (b) and (c) illustrates the Multi-Media Pre-Processor (MMPP) as
another type of beam linking system [72]. Its purpose is to provide an optimum balance
between the amounts of analog and digital processing so that the payload power
consumption and cost is minimized. The MMPP does this by adding the flexibility to
share the available digital resources among the different beams. For example, typically

the digital processor must be sized by assuming that every beam is completely full. In
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reality this is not the case and the MMPP allows the digital processor to be smaller and to
consume much less power by allowing the available digital resources to be flexibly
assigned to the beams as required. There are two cases to consider: narrowband digital
processing (Figure 5.1 (b)) and wide band digital processing (Figure 5.1 (¢)). In the first
case, the digital processing bandwidth capability is less than the bandwidth allocated to
the beams. The purpose of the MMPP is to break the wide band uplink in to smaller
bandwidth segments compatible with the digital capability and process only those
segments carrying traffic. The switch matrix selects which digital chain will process
which beams data. In the wide band case, the digital processing bandwidth capability is
the same as or higher than the bandwidth allocated to the beams. In this case the purpose
of the MMPP is to combine the bandwidth of underutilized beams into a wider bandwidth
for the digital processor so as to reduce the number of the required digital processing

chains [72].

Currently, the common microwave switch matrices employed in satellite payloads
utilize mechanical and semiconductor switches. The MEMS technology provides the
opportunity to substitute these switches by miniature MEMS counterpart that perform
exceptionally at microwave and millimeter-wave frequencies including low insertion
loss, high isolation, and low inter-modulation distortion. However, by reducing the size
and increasing the system density, signal transmission and the isolation of the
interconnect lines become an important issue. This highlights the fact that there is a need

to develop a new planar MEMS compatible solution for network connectivity.

LTCC technology is a good solution to provide the switch matrix connectivity. The
basic materials are ceramic tapes that are fired together at around 900 degrees. It allows
usage of high conductivity materials such as gold and silver to provide multilayer
structures. However, dimensional tolerances are still an issue especially at high frequency
applications due to the material shrinkage during the firing process. Also, the achievable
minimum dimensions for the lines and gaps in comparison with those of the conventional
ceramic processes are considerably large. The fabrication process for LTCC is more

expensive in comparison with the conventional fabrication processes for MIC circuits. To
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our knowledge, up to now, the only published MEMS switch matrix is reported in 2004
by B. Yassini et al.[32] and is based on hybrid integration of an LTCC interconnect
network with the SP4T Michigan/ Rockwell MEMS switch [57]. This switch matrix
exhibited in Figure 5.2, not only suffers from the common existing problems of LTCC,
but also exhibits very limited -15dB bandwidth (0-7GHz) due to the hybrid assembly and
use of wire-bonds. This highlights the need for a new solution to provide matrix
connectivity monolithically and maintain precise miniaturized MEMS compatible

dimensions.

P4

Rockwell/Michigan SP4T switch

Switch
e Bias Line

0.590"

Interconnect network on LTCC

Figure 5.2: Previously published hybrid RF MEMS switch matrix based on
Rokwell/Michigan switches integrated with the LTCC interconnect network [57]
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In this chapter, novel compact interconnect networks amenable to MEMS
technology are presented. The proposed concept eliminates the need for a multilayer
manufacturing process and provides excellent RF performance by using well established
microwave printed circuit technology. In addition, the characterization of the interconnect
lines and required vertical junctions are detailed. Two different 3x3 interconnect
networks; the broadband interconnect network and vialess interconnect network are built
and tested to verify the proposed concept. The interconnect network is integrated
monolithically with multiport RF MEMS switches to construct a switch matrix on a

single chip.

5.2. Proposed Double-Sided Interconnect Network Principles

Typically, the MEMS fabrication of switch matrices would usually require a planar
interconnect structure with several lines to provide the system connectivity. Appropriate
integration techniques not only offer size reduction and add flexibility to the system
design, but also minimize loss of the distribution network. One promising solution, using
alumina substrate, is to pattern the main circuit on one side of the substrate and use the
other side for the crossover transitions. This idea takes advantage of the planar nature of
the coplanar transmission lines (CPW) and it is well-compatible with the previously
proposed MEMS switches. A precise design to prevent parasitic coupling along with
appropriate layout design and relative placement of the lines, vias and vertical transitions,

is necessary in order to optimize the performance.

When several transmission lines are printed on a common substrate, surface waves
and radiation tend to induce parasitic currents on the neighboring interconnects and
circuits leading to unwanted crosstalk. This parasitic coupling becomes more problematic
since the circuits are printed on two opposite sides of one substrate. In coplanar
waveguides with infinite ground planes, the first higher order mode after the CPW mode
is TMy [74]. The major advantage of the finite ground coplanar (FGC) waveguide is that
the lowest surface wave mode is TE, and the leakage occurs at higher frequencies

compared to the infinite ground plane CPW line [74]. We propose to use FGC lines to
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design the entire interconnect circuit for the switch matrices. It is believed that due to the
nature of the FGC and the thin substrate thickness (10mil), the surface wave mode and
any additional substrate modes can have no effect on the switch matrix RF performance

over the operating frequency band of interest (up to 30GHz).

As it is known, increasing the overlapping area of two lines printed on two layers
results in higher cross coupling [75]. Consequently, the two parallel lines structure shown
in Figure 5.3 is expected to have more coupling than that of the two orthogonal lines. To
optimize the design, the effect of the substrate thickness on the coupling of the two
parallel lines is investigated. The results of the MOM simulation implemented by Sonnet
software [76] for the ground strip width of wg= 120um, central line width of w=60um,
gap space of s=24um, and length L=1mm are recorded in Figure 5.4. As illustrated, the
thicker substrate yields less coupling. However, it leads to a higher inductance loading of
the vertical transitions, which will be discussed in the next section. A 10mil substrate is a
good candidate to obtain a higher than 35 dB isolation up to 30GHz while maintaining

reasonable performance for the vertical transitions.

Figure 5.5 illustrates the effect of the centre line width w and gap spacing S on the
coupling. To obtain this graph, three different 50€2 lines with various W’s and S’s on a
10mil alumina substrate with a Wy of 120um are considered. For w+2s equal to 58, 112,
and 184 um, w is 32, 64 and 105 pm, respectively. Note that for the smaller w+2s, better
isolation is achieved as the electric field is more confined within the gaps. However, from
a fabrication point of view, it is not desirable to use line widths of very small dimensions.
To achieve a good isolation while accommodating a reasonable insertion loss we selected
w= 64um and s=24um. For our preliminary design, both the MOM implemented by
Sonnet® and FEM realized by HFSS® confirm that an isolation of higher than 35 dB can
be achieved [76]-[77].
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Figure 5.5: Coupling of two lines on different sides of the alumina substrate for 502
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Additionally, cross coupling between two perpendicular FGC lines is examined and
the schematic and FEM simulation results are shown in Figure 5.6. The results are
obtained for the optimized dimensions of w= 64um, s=24um, Wy=120um on 10 mil
(254um) substrate. The isolation of the lines are better than -45dB for frequencies up to
30 GHz. As expected, the coupling is considerably less than that of parallel lines. The
field distribution inside the substrate is also illustrated in the figure. It is evident that the
field concentrates mainly around the gaps and thus the use of a smaller gap results in

better isolation.

5.3. Broadband Planar Interconnect Network

The main goal of this section is devise a technique to design and fabricate
broadband planar integrated RF switch matrices [79]. The initial focus is on single and
double conducting vertical transitions with minimizing the parasitic coupling. Then the

entire switch matrix architecture including the vertical transitions is considered.
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Figure 5.6: Two perpendicular FGC lines on opposite sides of the substrate (a)
schematic, (b) FEM simulation results, and (c) electric field distribution.

5.3.1. Three Via Interconnect

Although the design of vertical transitions in microstrip lines, strip lines and
conventional coplanar lines are well established in the literature, very limited work has
been reported on vertical transitions of FGC lines [78]-[80]. This section addresses the

concept of vertical system integration by developing a three-via interconnect between the
FGC lines.
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A conceptual schematic of the three-via vertical interconnect is given in Figure 5.7.
The cylindrical vias form a three conductor transmission line through the substrate which
minimizes the radiation entering the substrate. To optimize the performance of the

transition, the choice of the via separation and junction dimensions are critical.

Figure 5.7: A vertical interconnect employing three via holes. The vias permeate the
substrate to connect the upper and lower finite ground coplanar transmission lines.

For the preliminary interconnect network the dimensions of the vias in a 10mil
alumina substrate are optimized. The vias are attached to the FGC lines with a signal line
width of 64um, a spacing between the signal and ground lines of 24um, and a ground line
width of 120um. The inner via diameter is py=180um, and the outer diameter of the via
annular ring p, is 320um. The three-via vertical interconnect is matched to a S0QFGC
lines through an optimized junction. Figure 5.8 illustrates the HFSS simulation results of

the optimized transition with a return loss of better than -30 dB up to 30GHz. To confirm
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the results, the via is matched to a 50€2 line on one side and a one port measurement is
performed from the other side. The measured return loss agrees well with those of the

simulation. Insertion loss of the system is also optimized to better than 0.25dB up to
30GHz.

As it was previously mentioned, the three vias act as a three conductor transmission
line. The electric field distribution proves this concept while the field extends from the
central line to both outer ground lines. The field is well confined between the vias and
vanishes at the outside of the outer lines as detailed in Figure 5.9. Thus it is expected to

have the minimum parasitic coupling to the neighboring lines.

Wideband modeling of a three-via structure is very difficult in terms of the RLC
discrete elements due to the intertwining and interrelating of the vias, tapered bends and
surrounding transmission lines. In general, the vias are significantly inductive. To obtain
a precise insight, the three-via junction is shorted from one side while one port

measurement is performed from the other side. The measured input impedance shown in
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Figure 5.8: Performance of three- via junction.
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Figure 5.10 indicates that the vias have inductive effect of about 350pH up to 15GHz

which increases to 580pH for the higher frequencies.

5.3.2. Double Three-Via Vertical Interconnect

A double three-via transition can be used to establish a crossover of two FGC lines
printed on the same layer as shown in Figure 5.11 (a). The vias penetrate through the
substrate and are connected together by using a coplanar waveguide at the back side of
the substrate. The total junction is optimized to prevent from parasitic interaction of the
vias and to minimize the parasitic coupling to the crossing line of the top layer. At the
back side, a coplanar waveguide with a central signal line width w=72um, gap space
s=32um, and ground plane width wg=520um is used. The application of the CPW on the
backside instead of the FGC lines improves the return loss and prevents the need to use

tapers at the back side of the substrate.

Significant effort is made to optimize junction dimensions up to 30GHz. The
Sonnet© results are shown in Figure 5.11 (c¢). FEM analysis (implemented by HFSS©) is
also used to verify the performance of the double three-via configuration and the results
are illustrated in the same figure. In both simulations, the structures are identical except
that in the MOM analysis (implemented by Sonnet) the thickness of the conductor is
ignored which contributes to a slight deviation in the results of the two EM simulators.
The insertion loss is less than 0.5 dB at 30GHz. Almost half of this radiation can be

attributed to radiation loss of each three-via vertical interconnect.

The parasitic coupling of the transition on the top crossing line is expected to be
better than -45dB as depicted in Figure 5.11(c). A comparison of these results with those
in Figure 5.6 proves that the three-vias interconnect does not add extra parasitic coupling

to the other line.

The proposed double 3-via structure is fabricated by using alumina substrate and a
gold coating of 3.5 um, as shown in Figure 5.11 (b). A two-port S parameter

measurement is performed and the results are plotted in Figure 5.11(c). It is observed that
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Figure 5.11 (a) Conceptual schematic, (b) fabricated unit, and (c) simulated and
measured results of double three-via vertical transition over alumina substrate
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the measured data agrees well with that of the simulation. It indicates a less than -30dB
return loss up to 25 GHz and -25 up to 30GHz. The insertion loss is 0.5 as was predicted.
The isolation of two double three-via structure with the crossing line is better than -45

dB.

5.3.3.Switch Matrices Interconnect Architecture

In conventional systems, switch matrices are employed to provide a connection
between a set of inputs and a set of outputs through the switch elements and a set of
signal paths. One approach, for connecting N input ports to N output ports is to use SPNT
switches and make pairwise connections between each input and each output switch, as
shown in Figure 5.12(a). Although the concept can be theoretically used for any size
switch matrix, in practical applications, small matrices are employed as basic building
blocks to create larger structures. There are several topologies that can be used in this
regard [81]-[82]. Figure 5.12 (b) illustrates a Clos interconnect network that is
constructed of several NxN building blocks to form an MXM matrix [82]. It is a
rearrangeable network that has the capability of connecting any input to any output while

one or more existing links may need to be rearranged for each new set of connections.

The objective is to build an NxN switch matrix with N as large as the technology
allows to be used as the building blocks for the large switch matrices required in beam
link satellite payloads. To verify the idea of double sided architecture, an interconnect
circuit for a basic building block of N=3 is designed and fabricated. Alumina is used as
the main substrate to fabricate the interconnect lines and to incorporate MEMS beams
monolithically or in hybrid-form. As it is illustrated in Figure 5.13, the main circuit is
patterned on the top side of the substrate whereas the back side is used for cross over
transitions. This configuration utilizes 9 lines connecting three SP3T switches at the input
to three other SP3T switches at the outputs. It is noteworthy that in any given state, only
three of these lines are carrying on RF signal. Throughout the design, the intention is to
maximize the distance between the lines carrying the signals to reduce unwanted
couplings. For instance, two adjacent lines from two neighboring switches which can

carry signals simultaneously are patterned in two different layers to increase the pitch.
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Back side
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transition

Figure 5.13: Proposed double sided interconnect circuit for 3x3 switch matrix structure.

The lines are 50 ohm FGC with w= 64um, s=24pum, and Wg=120 um on 10mil
(254um) substrate. The previously optimized dimensions of the vertical interconnects are
used for the connection of the signal lines from one side to the other. To predict the
interconnect lines performance, they are subdivided and analyzed by using full wave
techniques and then linked through net list coding. All the lines are optimized and show
less than -20dB return loss up to 30GHz. The performance of the interconnect lines I, I,

and 1l shown in Figure 5.13 is demonstrated in Figure 5.14.

The structure is fabricated with using a gold coated alumina substrate, as it is
evident in Figure 5.15. The return loss and insertion loss of all the lines are measured and
some of them are shown in Figure 5.16. All the lines show a return loss of better than -
20dB up to 30GHz. Overall, the interconnect lines without back-layer transition exhibit a

0.5dB loss at 15GHz and a 1dB loss at 30GHz. The two three-vias of back transitions add
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Figure 5.15: Fabricated interconnect network
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0.5dB to these values. These results are in good agreement with those predicted. Also, the
isolation between the lines is measured and demonstrated in Figure 5.16 (b). For
measurement purposes, the lines are matched to 50€2 thin film resistors. The isolation of

about 40dB is measured between any two interconnect lines.

5.4. Via-less Planar Interconnect Network

In spite of the fact that the proposed interconnect network exhibits an extremely
good performance, the elimination of the vias is always beneficial. This not only further
simplifies the fabrication process but also increases the production yield. Moreover,
temperature variation and aging of the circuit can generate some cracks in the vias,
resulting in some difficulties in full functionality of the system. In order to solve these
problems, we introduce another new interconnect network [83]. In this technique, the vias
are eliminated and the entire network is simply fabricated by front and back side
metallization. This technique is fully compatible with MIC and MEMS fabrication
techniques and can be easily integrated with solid state and MEMS switches [84] and
[85].

5.4.1. Coupled CPW Vertical Interconnect

In this technique, a double-sided electromagnetically coupled CPW circuit is used
to replace the three-via transitions. It consists of an overlay of two FGC lines at each side
of the substrate while electromagnetic coupling transfers the RF signal from one side to

the other [86]-[87].

Although the feeding FGC lines carry only even mode, this transition supports both
even and odd modes. The dimensions of the overlay region are designed so that the even
and odd mode impedances produce a perfect match at the frequency of interest. This
results in a quarter wavelength A/4 long transition, which is shown in Figure 5.17(a). For
the 10 mil alumina substrate with €=9.8, the signal line width is w=224um and the

ground line width is wg=184um. The spacing between the central line and the ground
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Figure 5.17: Vertical coupled CPW transition: (a) conceptual schematic, (b)
fabricated unit, and (b) measured and simulated S parameters.

planes is one of the most effective parameters in controlling the coupling which is
§s=550um. This parameter increases by enlarging the substrate thickness. The vertical
CPW coupled interconnects are matched to 502 FGC lines through an optimized

junction.

A full wave analysis using HFSS© is performed to optimize the transition for the
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satellite Ku band and the results are given in Figure 5.17(c). It indicates a return loss of
better than -20dB between 11-14GHz. The insertion loss is about 0.5dB, which includes

the conductor loss and any parasitic radiation.

Discrete RLC modeling of such a transition is not simple due to the lots of
interactions in between the lines. Overall, in the frequency range of interest, the common
area of the top and back lines creates a large capacitor that couples the top circuit to the
backside. By enlarging the overlay area the capacitance increases leading to a better

signal coupling.

5.4.2. Double Coupled CPW Vertical Interconnect

In this circuit, the backside of the substrate is used for the crossovers. The double
coupled CPW vertical interconnect is utilized to couple the RF signal from the topside of
the substrate to the back lines and after the crossover, transfer it again to the top layer. A

conceptual schematic of this transition is denoted in Figure 5.18(a).

The focus is to optimize the performance and prevent from any interaction between
the vertical coupled interconnects. The parasitic coupling of the coupled CPW lines to the
top layer crossing line is also minimized. Each vertically coupled transition individually
is similar to that denoted in Figure 5.17(a) which are connected together by a FGC with a
signal line width of w=64um, spacing of s=24um, and the ground line width of
Wg=120pm.

A full wave analysis by HFSS© is applied to design the transitions. The optimized
distance of 1200 um between the vertical transitions results in an isolation of better than -
40dB with the crossing line. To confirm the idea, the vertically coupled FGC transition
shown in Figure 5.18 (b) is fabricated over a double-sided 10-mil alumina substrate with
a gold coating of 4um. A two port on wafer probe measurement is performed and the
results are demonstrated in Figure 5.18(c). It can be seen that a return loss of better than -
15dB is obtained from 9.5GHz to 13GHz. The measured insertion loss is close to 0.6dB,

and the measured isolation is more than 40 dB.
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5.4.3. Switch Matrix Interconnect Architecture

When several coupled CPW interconnects are printed on a common substrate,
electromagnetic waves can induce extra parasitic coupling to the other transitions. This
issue can become more problematic when the interconnects are placed in a double-sided
network with several transmission lines. To verify this, a 3x3 switch matrix interconnect

network is investigated.

Figure 5.20(a) shows the entire interconnect network schematic, which includes the
top lines and the back crossovers. It is designed based on pairwise connection for a 3x3
switch matrix. This structure is 1.7cm by 1.8cm and can be easily integrated with CPW
SP3T switches [84] and [85]. By avoiding the vias in this configuration, it is well suited

for high yield mass production.

The FGC lines are designed to be 50€2 with a signal line width of w=64um,
spacing of s=24um, and ground line width of Wg=120um. The transition shown in Figure
5.17(a) is used to transfer the RF signals from one side of the substrate to the other side.
For abrupt crossovers, double CPW coupled vertical transition is used. To optimize the
entire system, it is divided into several subsections and analyzed using an EM simulator.
Then the results are linked together by netlist coding. The optimized configuration is

fabricated over a 10mil gold-coated alumina substrate and is depicted in Figure 5.20 (b).

A two port on-wafer probe measurement is performed to evaluate the interconnect
network performance and the results are plotted shown in Figure 5.21. For the frequency
range of 12-13GHz, the measured results of all the lines indicate a return loss of better
than -20dB except for line III, which is -17dB. The insertion loss of the top lines is
approximately 0.9dB, which increases about 0.6dB for each vertical transition. Figure

5.21(b)) confirms that an isolation of —45 dB is obtained over the band of interest.
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Figure 5.20 (a) Conceptual schematic and (b) the fabricated unit of the proposed
vialess interconnect network.
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Figure 5.21: Measured results for the proposed interconnect network shown in

Figure 5.20 (@) return loss and insertion loss and (b) isolation.
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5.5. Switch Matrix Integration

Incorporating the interconnect circuit with SP3T switches results in the 3x3 RF
MEMS switch matrix as shown in Figure 5.22(a). The function of the switch matrix is to
route the three input signals to the three output signals in all possible permutations. The
compatibility of the interconnect circuit with the newly devised switches provides the
facility to fabricate the entire interconnect lines and the switches, monolithically, on one

common substrate.

4 Interconnect Circuit
ul

Input Ports i‘

3 X3 Switch Matrix

SP3T Switch A"

Output Ports

\O

(b)
Figure 5.22: Switch matrix building blocks of (a) 3x3 and (b) 9x9.
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Fabrication of the switch matrix is comprised of the simultaneous processing of all
the interconnect lines and the MEMS switches within one chip and with only one type of
process. To prove the concept, a 33 matrix prototype unit is fabricated. An alumina
wafer is selected as the base substrate since it can retain its intrinsic properties during the
process. Also alumina substrate exhibits a good RF performance at high frequencies.
Monolithic fabrication by adopting the thin film process requires a total of seven mask

levels to pattern the different layers.

A summary of the fabrication procedure is shown in Figure 5.23. Initially, a gold
film is deposited at the back side of the substrate. This film is patterned for the transitions
and crossovers. Afterwards, a Kapton tape is used to protect the backside while
processing the switches and the interconnect network on the front side. The rest of the
process follows the procedure similar to that of explained in section 3.3.1 [90]. The front
side of the interconnect network is patterned on the first gold layer simultaneously with

the SP3T switches.

Figure 5.24 illustrates the fabricated 3x3 monolithic switch matrix in the CIRFE
lab at the University of Waterloo. SP3T switches (details on the SP3T switch are given in
section 3.3.1) are integrated with the interconnect lines monolithically. Figure 5.24 (b)
shows one of the switches and the vertically coupled transitions from a close view. The

back side of the matrix is shown in Figure 5.25.

The entire switch matrix performance is measured and presented in Figure 5.26 and
Figure 5.27. The -15dB return loss bandwidth of the switch matrix is from 9.5GHz to
13.5 GHz which is much wider than the presented interconnect network in section 5.4.3.
This is accomplished with a better alignment of the top and the back side of the vertically
coupled transitions. The insertion loss between the input port 1 to output port 1, input
port 2 to output port 2, and input port 3 to output port 3 is 2.2dB that includes the effect
of the switches at each end. For instance, at 12GHz, each switch has 0.6dB loss which

leaves a 1dB loss for the CPW lines. The other few paths that utilize
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1. Bare Alumina wafer 7. RIE Si0, with

mask #3

2. Deposit backside | 8. Spin-on

gold layer sacrificial layer

3. Wet etch gold film 9. Pattern sacrificial

with the back side layer with mask #4
s Mmask and cover with (anchors) and #5

Kapton tape. I — (contact metals)

4. Deposit Cr and first ’ ‘ 10. Deposit gold 2
N, Sld film — T —

11. Wet etch gold 2
with mask #6

5. Wet etch gold 1

I with mask #1 and wet
etch Cr with mask#2

12. Release the
6. PECVD SiO, structure and take
. the Kapton tape off

-
el

Figure 5.23: Fabrication process for the proposed monolithic switch matrix shown in
Figure 5.22(a).
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Figure 5.24: (a )Fabricated 3x 3 monolithic switch matrix at the CIRFE lab at the
University of Waterloo, (b) One of the switch matrix input ports including the switch
and the vertical coupled transitions, (c) SP3T switch.
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Figure 5.25: Back side pattern of the fabricated monolithic switch matrix at the
CIRFE lab at the University of Waterloo

electromagnetically coupled transitions demonstrate about 1dB increase in insertion loss.
The isolation of the switch matrix is also investigated and the measured results are
presented in Figure 5.27. It illustrates an excellent isolation of better than 45dB for the
frequency band of interest. It should be noted that the isolation is measured while all

switches are in the off state.

In comparison with the only previously reported switch matrix [32], the proposed
network operates over a much higher frequency range and offers a much better isolation.
This matrix structure can be packaged and used as a basic building block for larger
structures. Alternatively, Clos network (shown in Figure 5.22 (b)) can be used to expand
it to bigger structures over one common substrate. For instance, Figure 5.22 (b) shows a
9x9 switch matrix configuration which is made of the same type of interconnect

architecture and 33 swtich matrices as building blocks.
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Figure 5.26: Measured return loss and insertion loss of the fabricated switch matrix
shown in Figure 5.24.
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Figure 5.27: Measured isolation of the fabricated switch matrix shown in Figure 5.24.
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5.6. Conclusion

In this chapter, for the first time, a monolithic RF MEMS switch matrix has been
developed and studied in details. This involves simultaneous fabrication of the switches
and interconnect network. Two different networks that are amenable to MEMS
fabrication process and the SP3T switches have been proposed and confirmed both

theoretically and experimentally.

Primarily, a broad band interconnect network is proposed that employs FCG lines
integrated with 3-vias vertical transitions. The parasitic couplings and vertical transitions
have been investigated both theoretically and experimentally. Single and double 3-via
vertical transitions are designed and optimized to provide a return loss of 30dB up to
30GHz. A complete 3x3 interconnect network has been fabricated and tested. It exhibits
a measured return loss of better than -20dB and isolation of better than 40dB up to

30GHz.

In addition, another novel interconnect network is introduced that utilizes FGC
lines and single and double coupled CPW vertical transitions. This network avoids the
use of vias and is very suitable for high yield mass production. A complete 3x3
interconnect network is fabricated and measured. The results for the individual transitions
and for the whole interconnect networks demonstrate the validity of the concepts

recommended in this chapter.

The coupled interconnect network is monolithically integrated with the SP3T RF
MEMS switches proposed in Chapter 3. A thin film fabrication process exclusively for
switch matrix fabrication is developed and fine tuned. A prototype unit of 3x3 switch
matrix is fabricated and tested. The measured results show a good RF performance for

the frequency range of 9.5GHz to 13.5GHz.
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Chapter 6

Conclusions

6.1.Thesis Contributions

The major contributions of the thesis can be summarized as follow:

Novel multi-port RF MEMS switches such as SP3T, C-type and R-type switches
have been proposed and investigated. The switches have been realized using three
different approaches. Initially, cantilever beams were fabricated by the Poly
MUMPs process. Then they were integrated with alumina substrate by using flip
chip technology resulting in low insertion loss and good isolation. The hybrid
integration can be employed to circumvent the losses of the silicon based Poly
MUMPs process. The process is costly and the yield is substantially low. To
overcome this problem, the second approach was considered and a new in-house
monolithic fabrication process has been developed and fine tuned using six
different mask layers. In addition, thermally actuated multi-port switches are
investigated. These switches that include SPST, SP2T and C-type configurations
are based on lateral contact and fabricated monolithically by using the Metal

MUMPs process.

The thesis has introduced a novel concept for 3D RF MEMS switches based on
integrating MEMS actuators with waveguide structures. Fabricated prototype units
of rectangular ridge waveguide and coaxial lines with integrated thermal and
electrostatic rotary MEMS actuators have been analyzed. Prototype units for both

ridge and coaxial MEMS based SPST and C-type switches have been fabricated

135



and tested. The measured results verify the concept demonstrating a good return
loss of -20dB and a high isolation of 35-40dB over band of interest. High power
test and analysis reveal no major change in the switch performance up to 13W.
These switches are not only extremely useful for high power applications but also

promise to be useful for high frequencies and millimetre-wave applications.

The proposed planar multi-port switches in this thesis, have been monolithically
integrated with an interconnect network to construct a switch matrix on a single
chip. A fabrication process for the monolithic fabrication of the entire switch matrix
has been proposed. Furthermore, innovative amenable interconnect networks based
on patterning the interconnect circuit on both sides of an alumina substrate have
been introduced. The interconnect networks employ finite ground CPW lines that
are optimized to avoid crosstalk. Three-via and electromagnetically coupled vertical
transitions are employed to transfer the signal from one side of the substrate to the
other side. The approach provides the opportunity to implement the entire switch
matrix structure monolithically by using a thin-film process and also avoiding the

need for hybrid integration with thick-film multi-layer substrates.

Overall, the focus of this thesis has been on multi-port switches and switch matrices for
redundancy and signal routing in satellite communication. These switches are compared
in Table 7.1. We believe that MEMS technology has a great potential to replace the
existing switch matrix technology in satellite payloads. However, there are many hurdles
to overcome in order to achieve this goal. This list includes packaging and reliability
which is addressed in section 7.2 under future work. A successful qualification of RF
MEMS devices for space applications requires collective efforts from RF, Mechanical,

and Material Engineering.
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Table 7.1: Comparison of the proposed switches in this research

2D Electrostatic | 2D Thermal 3D Electrostatic 3D Electrostatic
RF MEMS RF MEMS Waveguide Coaxial MEMS
Switches Switches MEMS Switches Switches
Power . )
Low Low High Meduim
Handiling
Size small small Large Meduim
Bandwidth Wide Wide Narrow Wide
Power
. ~0 590 mW ~0 ~0
Consumption

6.2.Future Work

Although the research for this thesis has been extensive, there are still several

unexplored issues that can be summarized as follow:

* The presented planar switches are prototype units that prove the concept.

Optimizing the switching time and performing reliability test may be the next step

toward producing a steady high quality switch. A low cost packaging technique

must be also investigated as ultimately this step determines the cost and reliability

of the switch. Contact MEMS switches are very sensitive to humidity and

contaminations and therefore, they must be packaged using hermetic seals and in

nitrogern or dry air environment. Substrate transfer or localized heating are two

possible solutions [57].

* The novel 3D MEMS devices open the door for revolutionary MEMS-based

waveguide switches. The proposed prototype units demonstrate the concept yet

there are still several unsolved matters. The power test analysis is only performed

up to 13W and higher power analysis and experiments are recommended as future

work. Monolithic realization of the switches especially for millimetre-waves is
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one of the main subjects that require a thorough study. For final packagin of the
switches and itegration in a system, the top and the bottom parts of the waveguide
swtich should be attached using a conductive solder bonding and hermatically
sealed. The bonding material should be chosen in a way to minimize the

outgassing of the package.

® The novel switch matrix is a new technique to avoid thick-film substrates and
fabricate the entire switch matrix monolithically using a thin film MEMS process.
The monolithic 3x3 switch matrix has demonstrated the concept. Further study of
the concept and expansion of that to larger matrices using Clos or other well
known networks is useful. Hermetic RF packaging of the entire matrix to prevent
the swtiches from humidity and organic materials must be also considered. The
integration of DC control board is the next necessary step toward having a fully

functional switch matrix.

= In general, the reliability of RF MEMS devices has not been proven in space
environment. Most have been only demonstrated with lifetime tests which often
do not accurately replicate typical operating conditions in targeted space systems.
Packaging is another key chanllenge that needs to be considered at the
development stage. Failure to do that would generally results in inferior RF
MEMS devices with poor yield [91]. Overll, reliability and packaging are the most

two common issues of the existing RF MEMS switches.

138



Appendix A

Electrostatic Cantilever Actuator

Figure A.1 illustrates a cantilever actuator anchored to a 50Q2 CPW signal line. The
actuator is suspended over a discontinuity followed by the second CPW signal line. The
electrode is incorporated on the ground plane under the beam and the beam is fabricated
using the Multi-User MEMS Processes (MUMPs) surface micro machining. Each beam
is made of a Polysilicon layer of 1.5um coated by a gold layer of 0.5 wm. Then, the beam
is flipped on top of the substrate. The design dimensions are optimized leading to the

beam length L=240um, beam width W=60um and electrode length L.=120um.

G

S S

-
-
-
-

Gap--~

S<

~~ Anchor

Figure A.1 : Cantilever electrostatic beam

To obtain a better insight into the beam functionality, the beam’s electromechanical
modeling is studied [89]. As shown in Figure A.2 , the cantilever beam can be simply
modeled by a movable plate and a basic electrostatic actuator with a spring constant of k
and a mechanical damping of b. Electric potential between the beam and the electrode is

also represented by a voltage source, V.
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m | Movable plate

Vin

Figure A.2 : Electrostatic actuator electromechanical model

The electrostatic force Fe generated by the attraction between the movable plate and

the electrode is related to the geometry by:

gAY,
e =
where A is the area of the bias electrode, g, is the initial gap between the electrodes, & is
the dielectric constant of the material (the air in this case) between the electrodes, and Vi,
is the applied voltage. This is the force that stretches the spring and pulls the actuator
down. Consequently, the generated spring force, which pulls the beam up, can be

obtained from the following equation:

Fm = kx (AZ)
where X is the plate displacement.

By using equations (A.1) and (A.2), the electrostatic and mechanical forces for the
initial gap go=4um are calculated and presented in Figure A.3. Considering stability of the
equilibrium, electrostatic force must be equal to the spring force. Additionally, at the
stable point, by perturbing the position slightly the overall force must tend to return to the
equilibrium position. This situation is satisfied only at the first intersections of the
electrostatic forces and the mechanical force. Clearly, since the equilibrium gap decreases
with increasing the voltage, there is a particular voltage at which the stability of the

equilibrium is lost. This is called the pull in voltage of the actuator and is specified when
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Figure A.3: Mechanical forces Fr, and electrostatic force F for various input
voltage in terms of displacement for the beam model shown in Figure A.2 .

the electrostatic force is tangent to the mechanical force. As is depicted in this figure, the

pull in voltage is equal to 52 volts and happens at Xx=1.34um equivalent to one third of g,.

Figure A.4 (a) and (b) illustrate the realized beam cross section. 2um of polysilicon
is added at the beam tip to prevent it from reaching to the pull-in condition (this will be
explained later). Assuming that the electrostatic force has uniform distribution along the
electrode, it can be substituted by a point force in the middle. Then, X and @ that are the

displacement and the rotation angle of the beam at point Lo+L¢/2 respectively can be

obtained:

F(L, + )
oo 2" (A3)
3EI
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L
F(L, +2)°
o (Lo 2)

0 = (A.4)

2El

where E is the polysilicon Young’s modulus, and | is the inertia moment of the cantilever
beam. Geometrical approximation along with equations (A.3) and (A.4) are used to
acquire the beam deflection under the electrostatic load. Figure A.5 illustrates the beam
displacement at the tip and Lo+Le/2 versus the electrostatic force. It is evident that for the
tip deflection of 2um, equivalent force of 5.7uN is required. It leads to a 0.63um
deflection at Lo+Le/2 which is much less than that of the pull-in state 1.34um. With this

force and equation (A.1), a turn ON voltage of 45 volts is calculated.

Fel
m mex. %
‘ . Lo L2 | l

(a) (b)

Figure A.4: Designed cantilever beam from crosssection at (a) OFF and (b) ON states.

As an alternative, a full wave FEM analysis by using Coventorware software is
performed to confirm the results. As denoted in Figure 3.5, a turn ON voltage of 40 volts
is predicted. Figure A.4 (b) portrayed the beam deformation at 70V including the tip
blockage effect indicating a good margin above the turn on voltage that the beam does
not collapse to the electrode. Contact force of the tip is also simulated leading up to 10uN

at 80 volts, as denoted in Figure A.6.
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Figure A.5 : Deflection of the beam in Figure A.4
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Figure A.6: Contact force at the tip of the beam.

143



Appendix B
Vacuum and Low Temperature Performance of the

Proposed Thermally Actuated 2D Switch

Here, in this section, the proposed switch performance in low temperatures (77K
degrees) as well as at room temperatures under vacuum is investigated and analyzed.
Low temperature functionality of these switches facilitates their integration with
superconductor devices which are the dominant components in extremely low loss

satellite systems.

As it is known, at room condition, there are three mechanisms of heat flow:
conduction, convection and radiation. According to [55], the heat dissipation through
radiation to the ambient can be neglected in comparison with the heat losses through
conduction to the anchors which are considered as heat sinks and the heat losses through
air due to convection. Therefore, it can be said that under steady state conditions, the
resistive heating power generated in the element is equal to the heat conduction and

convection from the element. This can be written as [56]:
9 =09 =0, =0 (B.1)
where (j is the generated heat from the electric current, and ¢ is the dissipated

conduction heat through the anchors. gy is the lost power through the convection and is

equal to
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d, = AR(T =T, ) (B.2)

A is the exposed area to air, h is the thermal conductivity of the ambient, T and T, are the
actuators and the ambient temperature respectively. At room temperature, not only the
generated heat in the thick arm is much less than that in the thin arm due to less
resistance, but the convection is also much higher because of its bigger composed area
“A” (See Equation (B.2)). Therefore, the thin arm temperature gets much higher and it
expands more while the thick arm is acting as a rigid solid. This produces a forward

movement.

In vacuum, the scenario is different since there is no convection (gy,=0). Initially, in
the existence of a high resistance in the thin arm and the absence of convection in the
surrounding area, the thin arm heats up and consequently undergoes plastic deformation.
When the DC bias is removed it is newly configured and is longer than the original
length. However, the thick arm only undergoes elastic deformation and returns to its
original length at the rest condition. Therefore, the actuator assumes a new geometry and
the longer length of the thin arm produces a forward movement and thus, the switch

enters the contact mode (ON state) as drawn in Figure B.1.

Contact boundary condition \

Actuator configuration in rest

o 2 Switch configuration after
position after initial assembly

fabrication before assembly

Figure B.1: The proposed switch configuration after initial assembly in Vacuum only
and in 77 K degree.
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The movement of this type of actuators in vacuum is analyzed in [55] in details. As
it is predicted, by the application of the current in the absence of convection (vacuum),
the generated heat results in a temperature distribution that initiates a backward
movement. In other words, for the thin arm as well as the thick arm, the temperature
increases and both arms expand. This leads to a backward movement of the actuator and
thus, the switch turns OFF. When the DC bias is removed the switch turns back ON to its

rest position.

In a vacuum and the absence of convection, the efficiency of the switch is enhanced
and dissipated loss is drastically reduced. Several experiments are carried in the Cryo
vacuum prober, pictured in FigureB.2. The results reveal that the required voltage for the
switch operation is 0.8V and the current is 170mA. This represents a 136mW power

consumption which is 75% less than that at room condition (590mW).

.

T

e s

Cryo vacuum

Chamber
Cooling
system
Measurement
chock and
RF probes

FigureB.2: The SUSS Cryo RF prober in the CIRFE lab.
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Here, the switch performance at temperatures of as low as 77K degree is
investigated and several experiments were carried out. It is demonstrated that the
operation of the switch is similar to that in the vacuum. This is due to the fact that in the
vacuum, the actuator is isolated from the surrounding area except at the anchor points
where the temperature is much lower. Therefore, the only difference with the vacuum is
the consumed power which is slightly higher. The required voltage is measured around
1.1V for a 220mW consumption of power. Nevertheless, it is still much less than that at

room condition.

Additionally, RF performance of the switch is evaluated and the results are
recorded in Figure B. As it is expected, both in the vacuum and at room temperature, the
switch has identical RF performance. By reducing the temperature, the resistivity of the
silicon increases which leads to a lower substrate loss. The measured data for the
proposed switch exhibit an improved performance of 0.8dB insertion loss at 20GHz for
the temperature of 77K degrees. However, the isolation is degraded slightly at high

frequencies due to the increase in parasitic coupling through the ground planes.

The mechanical and RF analysis of the proposed switch, contemplated in this
section, highlights the suitability of this type of MEMS switches for space applications

where it must operate in extremely low temperatures.
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