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Preface

Wireless communication has led to an explosive technological advancement and
breakthrough in radio frequency microelectromechanical systems (RF MEMS) tech-
nology. The technology is seen to have the potential of replacing the mechanical,
wireless, and semiconductor technology in future communication systems as well
as communication satellites. In many cases, the RF MEMS technology does not only
offer devices with substantial reduction in size, weight, cost, and power consump-
tion but also promises more superior performance compared to those offered by the
conventional technology. By combining high RF performance, low cost, and low
power consumption, RF MEMS devices allow one to explore new architectures and
configurations which were not possible with the traditional technology and expand
its potential applications from defense-related products to personal communication
devices.

This book, RF MEMS Switches and Integrated Switching Circuits — Design,
Fabrication and Test, presents our latest accomplishments in RF MEMS switches
and integrated switching circuits. The state of the art of RF MEMS switches and
integrated switching circuits are described. Through this book, we wish to acquaint
readers with the basics of RF MEMS and knowledge of how to design practical RF
switches and switching circuits.

This book owes much to many.

I am grateful to all my PhD students Aibin, Min, and Faeyz for their excellent
research work and dedicated contributions. I am particularly indebted to Selin for
her help in coordinating the book project. Thanks also go to my excellent colleagues
Alphones, Geok Ing, Zhong Xiang, Yi Long, Aditya, Chao Lu, Radhakrishnan,
Hong Wang, and Joachim (KTH, Sweden) for their expert advice and friendly help.
I am also not forgetting my debts to Joseph Ting and Gim Pew from DSO National
Laboratories for directing me to the research field of RF MEMS while it was still in
its infancy. I would also like to acknowledge my debts to Steven Elliot, the Senior
Engineering Editor of Springer, who has been so persistent and supportive in giving
me his support to accomplish the writing of this book. Working with him is a plea-
sure, even when the pressure is on. My final particular thanks are to my research
group members, both past and present, for contributing their effort and full support
to me.
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viii Preface

Although I have made my best effort in writing this book, I have undoubtedly
made errors or omission and sincerely apologize for them. I welcome comments
and suggestions from readers about such errors and key concepts that may have
been omitted. Updates, corrections, and other information will be available at my
web site, http://nocweba.ntu.edu.sg/laq_mems.

Singapore Ai Qun Liu
March 18, 2010
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Chapter 1
Introduction

This book compiles the latest advancements in the field of radio frequency (RF)
microelectromechanical systems (MEMS) technology and devices, spanning a com-
prehensive range of RF MEMS topics. Highlights of contributions include areas
such as (1) lateral series switches, (2) capacitive shunt switches, (3) coplanar
waveguide transmission line switches, (4) multi-throw switches, (5) tunable elec-
tromagnetic bandstop and bandpass filters, (6) capacitive switching filters, and (7)
different types of switches and fabrication processes.

In the following sections, the background and literature necessary as foundations
for each of the subsequent chapters detailing the various technologies developed
are organized as follows: Section 1.1 gives the overview and literature background
of RF MEMS switches, especially for their relevance to lateral series switches as
will be presented in detail in Chapter 2. Section 1.2 provides the ground works for
research into areas of improvement for capacitive shunt switches — such as in reli-
ability, power handling and degradation — which will be presented in Chapter 3.
Section 1.3 gives the background on coplanar waveguide transmission lines before
Chapter 4 presents new designs, optimizations, and their results. Section 1.4 intro-
duces the single-pole-multi-throw switching RF circuits, so that works on SP3T
and SP4T switching circuits may be developed fully in Chapter 5. Sections 1.5 and
1.6 give the background for electromagnetic band gap (EBG) circuits, which is the
foundation of the technologies developed in Chapters 6 and 7, respectively, for both
tunable bandstop and bandpass filter circuits. Section 1.7 provides the introduction
to capacitive switching bandpass filters which research developments made will be
covered in Chapter 8. Finally, Sections 1.8 and 1.9 present the initiation for fabri-
cation technologies necessary to the realization of RF MEMS devices, in particular
by substrate transfer processes and surface planarization techniques. The intrica-
cies required of such technologies are then accordingly detailed in Chapters 9 and
Chapters 10.

Selin Teo Hwee Gee and Ai Qun Liu

A.Q. Liu, RF MEMS Switches and Integrated Switching Circuits, 1
MEMS Reference Shelf 5, DOI 10.1007/978-0-387-46262-2_1,
© Springer Science+Business Media, LLC 2010



2 1 Introduction
1.1 RF MEMS Switches

A radio frequency (RF) microelectromechanical switch is a switching device that is
fabricated using the micromachining technology, where the switching between the
on- and off-states is achieved via the mechanical displacement of a freely movable
structure. The displacement is induced by a microactuator. Various actuation mech-
anisms then exist, including electrostatic [1-3], electrothermal [4], magnetostatic
[5], and electromagnetic [6—10] means. Most often, the RF MEMS switches rely on
electrostatic actuation, which is based on the attractively electrostatic force existing
between charges of opposite polarity. An electrostatic drive offers extremely low
power consumption since power is required only during switching. The other advan-
tages of using electrostatic actuation are its simple fabrication technology, compared
to electromagnetic excitation: the high degree of compatibility with a standard IC
process line and its ease of integration with planar and microstrip transmission lines.
For many applications, the main drawback is to overcome the high driving voltage.
When the available supply voltage is limited, for instance, within the range of 3-5 V
in mobile phones, on-chip high-voltage generators [11] may be incorporated either
monolithically or in a hybrid fashion [12].

The RF MEMS switches can be classified as vertical switches and
lateral switches based on the motion direction of the switching structure. The ver-
tical switches perform out of wafer plane displacement and surface contact. The
lateral switches perform in wafer plane displacement and sidewall contact. The
vertical RF MEMS switches are usually fabricated using surface micromachining
process and metal is used as its structural material. On the other hand, the lat-
eral RF MEMS switches are usually fabricated using bulk micromachining process,
using single-crystal silicon or polysilicon as its structural material. Most RF MEMS
switches developed in the last decades are vertical switches due to their excellent
RF performance. However, the lateral switches have shown some promising perfor-
mance in dynamics, together with fabrication processes which are simpler compared
to its vertical switching counterparts. As such, much recent research interest has
been geared toward the lateral switches.

The lateral switches have the benefit of co-fabrication. The movable switching
structure, the contacts, the transmission line, and the support structures can be fab-
ricated in a single lithographic step. Besides, the actuator design is more flexible.
It is easy to get a mechanical force in opposing directions even when electrostatic
designs are used. The lateral RF MEMS switches can use different elements as the
structural material, for instance, nickel, polysilicon, and single-crystal silicon. To
date, three main types of lateral switches have been reported. All of them are the
resistive series switches.

The first type of lateral switch is the comb-drive or cantilever beam-actuated
lateral switch which uses electroless plated nickel as its structure material [13—14].
The schematic illustration of a comb-drive-actuated lateral switch [13] is shown in
Fig. 1.1; in the plating process, the nickel height is restricted to 10-50 wm and the
smallest possible width is limited to 5 wm. The actuation voltage is within the range
of 35-150 V. The contact resistance is 5-20 2.
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Fig. 1.1 The schematic illustration of a comb-drive-actuated lateral switch fabricated using nickel
surface micromachining process: (a) top view and (b) cross-sectional view [13]

The second type of the lateral switch is the electrothermally or electrostatically
actuated switch using polysilicon as the structural material [15-24]. The electrother-
mally actuated switch has demonstrated RF performance up to 50 GHz [22-24], as
shown in Fig. 1.2. The switch utilizes a parallel six-beam thermal actuator which
requires actuation voltage of 2.5-3.5 V. The mechanical structures are fabricated
using 2-pm polysilicon surface micromachining process and four masks. Silicon
nitride is used as a structural connection to isolate the RF signal and the DC bias.
Gold of thickness 0.3-0.5 pm is deposited on the polysilicon to form a transmis-
sion line and contact bumps. The switch has an isolation of —20 dB at 40 GHz.
The insertion loss is —0.1 dB at 50 GHz after de-embedding the substrate effect
and —1.0 dB before de-embedding the substrate effect. The switching “on” time
is 300 ps. Although this type of lateral switch exhibits high RF performance and

Signal Line

SiN
Isolation

Electrothermal
Actuator

(a) (b)

Fig. 1.2 The schematic illustration of a thermally actuated lateral switch: (a) 3D view and
(b) cross-sectional view [22]
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requires low actuation voltage, its drawbacks are the complicated fabrication pro-
cess, the high power consumption due to thermal actuation, slow switching speed,
and also a fragile switching structure.

The third type of the lateral switch is an electrostatically actuated switch using
single-crystal silicon as its structural material [25-27] and fabricated using a single-
mask bulk micromachining process. The electrostatic actuator can be either a comb-
drive or a cantilever beam. The switching structures are typically fabricated using
deep reactive ion etching (DRIE) process on silicon-on-insulator (SOI) wafer. The
metal contact is realized by depositing a thin layer of metal directly on the entire
surface of the switch structure, as shown in Fig. 1.3. Compared to other RF MEMS
switches, the fabrication process of this type of lateral switch is the simplest. Single-
crystal silicon has negligible biaxial stress and vertical stress gradient, and superior
thermal characteristics. Adapting a silicon process in fabricating the lateral switch
can reduce the deformation of the switch structure caused by either thermal effects
or stress gradients. As a result, the third type of lateral switch can provide better
mechanical characteristics. However, most of the time, such lateral switches can
only work at DC.

Device of impact

Au

Fixed I Si |—| I
Contact [ so,

Anchor

electrode

Fixed Electrode

(a) (b)

Fig. 1.3 The schematic illustration of an electrostatically actuated lateral switch: (a) top view and
(b) cross-sectional view [25]

To investigate the possibility of such lateral switch being worked at high frequen-
cies, the literature survey was extended to the RF behavior of non-solid-metal-core
structures which consist of metal-coated structures with non-metal material as
the core. A metal-coated silicon-core high-aspect-ratio transmission line was first
developed in 1995 [28], followed by an improved version in 1998 [29, 30]. The
transmission line was fabricated by a single-crystal reactive etching and metalliza-
tion (SCREAM) process. It consists of pairs of parallel-plate waveguide formed
from two deep (150-pm) suspended single-crystal silicon beams with 0.5-pm-
thick metal coating on the sidewalls. The attenuation was found to be less than
—0.18 dB/cm at 10-50 GHz. A step impedance filter and a continuous microac-
tuated phase shifter were realized using this transmission line [28-30]. High QO
(quality factor) inductors with polysilicon as the core material and copper as the
surface metal were demonstrated in [31]. The spiral structure of an inductor was
formed using polysilicon surface micromachining process and suspended over a
30-pwm-deep cavity in the silicon substrate beneath. Copper was electrolessly plated
onto the polysilicon spiral to achieve low resistance. High quality factors (Qs) over
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Table 1.1 Comparison of characteristics of lateral RF MEMS switches

References [13] [22] [25] [27] [28]
Actuation Electrostatic Thermal Electrostatic Magnetic+ Electrostatic
mechanism electrostatic
Structure material ~ Nickel Poly-Si Silicon Silicon Silicon
Power W 189 mW pW 11.3 nJ/cycle W
consumption
Frequency (GHz)  DC DC to 40 DC DC DC to 25
Insertion loss (dB) - 0.1 - - 0.1-1.0
Return loss (dB) - - - - 22
Isolation (dB) - 20 - - 22
Switching voltage ~ 35-150 2.5-3.5 50-260 10 23.3
V)
Contact resistance ~ 5-20 0.1-0.3 1000 2-8 1-2
()
Switching speed - 300 30 100 (close) 36
(s) 20 (open)
Size (mm?) - 0.8x034 >12x06 >2x2 0.8 x 0.4

30 and self-resonant frequencies higher than 10 GHz were achieved. It is expected
that the lateral switch using the metal-coated silicon-core structures may work at
high frequencies when the device is designed properly. Table 1.1 compares the
characteristics between different lateral switches.

1.2 Capacitive Shunt Switches

Capacitive switches are key elements in various applications such as tunable capac-
itors and tunable bandpass filter. Most of the capacitive switches are implemented
in shunt configuration. In this construction, when the metal bridge is at the up-state
position, the RF signal can go through from an input port to an output port, which is
called switch on-state; when the metal bridge is driven down, then most of the RF
signal is shorted to ground, which is called switch off-state, as shown in Fig. 1.4.

An important figure of merit of the RF MEMS capacitive switch is the ratio of
on-state capacitance to off-state capacitance, that is, R = Cq4 / Cy, where Cq is the
on-state capacitance with a typical value of several pico-farads and Cy is the off-state
capacitance with a typical value of tens of femto-farads.

The larger the capacitance ratio, the smaller the off-state insertion loss and the
higher the on-state isolation, and therefore broader frequency band can be obtained.
In most cases, the RF capacitive switches are more suitable for high-frequency
(>10 GHz) applications because of its capacitive coupling nature. Especially, at
W-band, only the capacitive switches can be implemented because the DC-contact
switches have large contact resistance, which gives rise to high loss at W-band.
Therefore, to develop capacitive switches suitable for low-frequency (<10 GHz)
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Dielectric layer
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Fig. 1.4 Schematic of shunt capacitive switch with its equivalent circuits: (a) the on-state of the
switch; (b) the on-state of the capacitance; (c) the off-state of the switch; and (d) the off-state
capacitance

applications, one method is to increase the capacitance ratio by using dielectric
material with high dielectric constant.

1.2.1 Reliability of Capacitive Switches

The reliability of MEMS switches is of major concern for long-term applications.
The reliability of the capacitive switch is mainly determined by stiction between
the dielectric layer and the metal layer, which is due to charge injection and charge
trapping in the dielectric layer [32]. There are two cases of failure in capacitive
switches [33]. The first one is that the metal bridge actuates and then returns to
the off-state position, irrespective of the polarity of the applied voltage; the second
failure mechanism is due to charge injection in the dielectric layer and results in
the metal bridge remaining in the down-state position when the actuation voltage
is removed (sticking) or the metal bridge does not actuate under an applied bias
voltage.

The dielectric charging problem can be minimized by (i) using silicon dioxide
as the dielectric layer. However, using silicon dioxide instead of silicon nitride as
the dielectric layer results in smaller on-state capacitance; (ii) another solution to
minimize the dielectric charging problem is to use a bipolar voltage when bias-
ing the capacitive switch; and (iii) finally, using side pull-down electrodes can also
minimize the dielectric charging problem.

1.2.2 Power Handling of Capacitive Switches

Power handling capabilities of RF MEMS switches are another major concern for
the application of RF MEMS switches. Compared with that of p-i-n diode and FET,
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RF MEMS switches can handle less RF power. The power handling capability of
an RF MEMS switch is determine by self-actuation, stiction in the on-state, and hot
switching [34].

Besides the DC driven of the switch, the RF signal can also lead to the pull-
down of the metal bridge and hence the failure of the switch. Decoupling the RF
and DC-actuation pads can substantially increase the power handling capability of
the MEMS switch.

1.2.3 Degradation of Down-State Capacitance

As mentioned, large down/up capacitance ratio is important for a capacitive switch
to achieve low insertion loss and high isolation. Unfortunately, because of the on-
state capacitance degradation problem, which means the actual on-state capacitance
is always smaller than the designed value, it is difficult to obtain the capacitance ratio
which is larger than 150 for conventional capacitive switches. The on-state capac-
itance degradation is mainly caused by nonplanarization of metal bridge, surface
roughness of capacitance area, etching hole in the metal bridge, etc. For the capac-
itive switch, it is believed that a flat metal bridge and small roughness of dielectric
layer are important to reduce the on-state capacitance degradation [35].

1.3 Coplanar Waveguide Transmission Lines

At RF and microwave frequencies, transmission lines are used to carry electrical
signal from one point to another. Transmission lines have to be impedance matched,
that is, all transmission lines in a circuit are designed to be 50 Q2 of characteristic
impedance to prevent unwanted reflections in high-frequency circuits. To do this,
the signal line and the ground lines are arranged in a certain configuration where
dielectric is in between. Coplanar waveguide (CPW) is a planar transmission line
which is compatible with microwave and millimeter wave-integrated circuit tech-
nology. CPW is relatively insensitive to variations in substrate thickness. It has low
radiation loss and allows circuit elements to be easily connected in shunt as well
as in series. These characteristics have made CPW an exceptional candidate for
high-frequency low-cost high-performance circuits.

In coplanar lines, the field is tightly concentrated in the apertures between con-
ductors, leading to current crowding for the conventional thin film techniques. When
the conductor thickness is larger, the current can be distributed and the loss can
be reduced. This makes it possible to work in high power applications due to the
increased conduction interface. A new type of CPW transmission line with Si-core
and metal overcoat is introduced in this book, in which the signal and ground lines’
thickness is 50-75 pwm. The Si-core CPW transmission line demonstrates all advan-
tages that include balanced propagation and coplanar configuration. The Si-core
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CPW can be implemented using a silicon back-bone structure patterned in desired
shapes followed by a metal overcoat. The design and characterization of the Si-core
CPW transmission line will be discussed.

1.4 Single-Pole-Multi-Throw Switching Circuit (SPMT)

Integrating RF switches in a transmission line network forms an RF switching cir-
cuit, such as an SPMT switching circuit, a tunable filter, and a phase shifter. The
SPMT switching circuits are the key components in transmitting/receiving (T/R)
circuits, switchable filters, reconfigurable antennas, switching matrices, etc. In the
SPMT switching circuit, a total of m switches are incorporated in an (m + 1) port
junction device. When an SPMT switching circuit works, one switch is closed and
the remaining (m — 1) switches are open.

The major part of SPMT switching circuits is the single-pole-double-throw
(SP2T) switching circuit. So far, six types of RF MEMS SP2T switching circuits
have been developed. The first type is the most common one with two capacitive
shunt MEMS switches placed a quarter wavelength from the center of the T-junction
[36, 37], as shown in Fig. 1.5a. When one switch is actuated, the virtual RF short is
transformed to an open at the T-junction, thus blocking almost all the signals from
passing to that port. An insertion loss of 0.81 dB and an isolation of 20.3 dB at
X-band and an insertion loss of 0.43 dB and an isolation of 28.7 dB at K-band have
been demonstrated. A pull-in voltage of 9 V is achieved through changing the shape
of the beam. The second design is a monolithic SP2T MEMS switching circuit [38,
39], which places two MEMS resistive series switches at two output armatures to
operate in a 2.3-GHz diversity antenna, as shown in Fig. 1.5b. This switching cir-
cuit has an insertion loss of 0.2 dB and an isolation of 50 dB from DC to 4 GHz.
The pull-in voltage is 30 V and the switching time is 20 ps. The mechanical life
span is 10° switching cycles. The third design is a Ku-band SP2T switching cir-
cuit based on the toggle switch [40], as shown in Fig. 1.5c. Two toggle switches
are perpendicular to each other where both have fixed connections with a flexible
metal band to two output ports. When one toggle switch is on, the switch can be
connected to the input port and the signal is routed to the output port. This SP2T
switching circuit exhibits the insertion loss of 0.96 dB and the isolation of 30 dB
from 7 to 20 GHz. The switching voltages are 30 V to close and 35 V to open.
The fourth design is a double cantilever beam MEMS switching circuit developed
for wireless applications, as shown in Fig. 1.5d. Two beams are controlled by a
single actuation electrode. An RF performance with 50-dB isolation below 5 GHz
and <0.18-dB insertion loss up to 30 GHz was observed [41]. The fifth design is
a 35- to 60-GHz SP2T MEMS switching circuit [42] in which two resistive series
switches are placed at the end of each output line and a short-ended 50 2 line is
connected at the cross-junction, as shown in Fig. 1.5e. When one switch is actuated,
the open-ended line formed by the open state of the switch and the short-ended line
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Fig. 1.5 Schematic of different types of SP2T switching circuits

comprises double resonance pair which transforms to be open at the cross-junction.
This circuit presents the insertion loss below 1 dB and the isolation higher than
19 dB from 35 to 60 GHz. The actuation voltage is 35 V. All SP2T switching cir-
cuits use vertical MEMS switches. Only one lateral SP2T MEMS switching circuit
was reported for satellite-based communications [43], as shown in Fig. 1.5 f. It
uses thermal-actuated lateral MEMS switch fabricated by silicon deep reactive ion
etching (DRIE) process. The microstrip transmission is fabricated on a glass wafer
separately. The two wafers are bonded together and the device is packaged using an
alumina cavity package, with DC and RF contacts on opposite sides. The isolation
of this SP2T switching circuit is better than 50 dB at 1-6 GHz. The insertion loss
is 1 dB at 2 GHz and 1.7 dB at 6 GHz. Table 1.2 compares the characteristics of
different types of RF MEMS SPDT switching circuits.

There is very limited work on other single-pole-multiple-throw switching cir-
cuits. A single-pole-three-throw (SP3T) switching circuit has been implemented in
hybrid form where three cantilever beams are micromachined separately and then
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integrated on an alumina substrate using flip-chip technology [44]. It exhibits the
insertion loss of 0.5 dB at 16 GHz and the isolation of 20 dB at 18 GH. An SP3T
switching circuit is proposed in [45], where the circuit consists of three resistive
series switches based on fixed—fixed beam architecture in a coplanar environment. A
single-pole-four-throw (SP4T) switching circuit using four series switches is devel-
oped in [46], which shows good match up to 20 GHz with an isolation of 50 dB at
10 GHz. A single-pole-eight-throw (SP8T) switching circuit using the rotary switch
is reported [47], which has an insertion loss of 2.16 dB and an isolation of 31 dB at
20 GHz.

1.5 Electromagnetic Band Gap (EBG) Structures for RF Circuits

Electromagnetic band gap (EBG) structures are periodic structures that have
attracted much attention in the microwave and millimeter-wave community due to
their filtering properties or inhibition of signal propagation in certain directions.
Electromagnetic crystal structures are invented for microwave and optical wave-
lengths [48—51]. Planar EBG structures offer tremendous application possibilities
for active and passive devices because these structures exhibit wide bandpass and
band rejection properties at microwave and millimeter wave frequencies [52-56].
For compact design, the passband of the EBG structures is used as a slow wave
medium. On the other hand, the stopband is used to suppress the surface waves,
leakage, and spurious transmission. EBG structures can have various design struc-
tures such as bumpy or corrugated surfaces, metal pads or high impedances surface,
and planar EBG structures. Generally, the ground plane is perturbed by EBG struc-
tures with different shape and different lattice structures. The shape may be uniform
or non-uniform circular, square, rectangular, triangular patterned and the structures
are named on the basis of the grid arrangement such as square, rectangular, triangu-
lar, and honey-comb. Different shapes and sizes of EBG structures provide different
S-parameter performances. Due to their unique properties, the EBG structures can
be used to design microwave components and devices for different applications such
as filters [57-60], mixers, antennas [61, 62], oscillator, power amplifiers [63, 64],
and phase array.

Tunable band gap and bandpass performances are desirable in many applications.
Semiconductor varactor diodes have been considered in tunable EBGs. Although
semiconductor varactors offer integration possibilities, EBG structures based on
such varactors suffer from high losses and small tunability at high microwave fre-
quencies, where integration is potentially possible due to the small wavelengths and
sizes. By incorporating RF MEMS switches and the EBG filters, a new paradigm
has been opened for the development of state-of-the-art tunable filters. These tun-
able filters are miniaturized with high Q, wider rejection level, low insertion loss
and enable the generation of tunable bandstop filters.
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1.6 Tunable EBG Bandpass Filters and Reconfigurable Circuits

The goal of many commercial and military systems is the ability to easily reconfig-
ure or switch the frequency of operation, the output power, and the input impedance
of the system [65—67]. Changing the frequency of operation means the resonant fre-
quency must be reconfigured, together with the bandpass filter central frequency, the
local oscillator frequency, and the matching networks for the low noise amplifiers
and power amplifiers. In satellite systems, the switching networks are used for coax-
ial switches, while in base station systems, they are implemented using PIN diodes
except after the power amplifiers. PIN diode switches are less expensive compared
to coaxial switches, but require input and output amplifiers to compensate for the
loss introduced by the switching networks. Coaxial switches result in outstanding
isolation, insertion loss and can handle high power, but they are heavy, bulky, and
expensive. RF MEMS switches can easily meet the isolation requirement of N x N
switching matrices making the system smaller and lighter which is essential for
satellite communications [68].

In many portable applications, the antenna input impedance is strongly depen-
dent on the position of the portable device, and low-loss reconfigurable matching
network at the input of the antenna would result in substantial performance improve-
ment. Reconfigurable MEMS switching circuits can be used to generate a large
range of impedance loci which are necessary for transistor and diode characteriza-
tion (gain, noise, conversion loss, etc.). Moreover, the RF MEMS devices generate
low intermodulation products which are essential when the reconfigurable circuit
comes before the low noise amplifier/mixer chain.

The filters are custom-machined, carefully assembled, tuned, and calibrated.
Typically tracking filters are mechanically tuned by adjusting the cavity dimensions
of the resonator or magnetically altering the resonant frequency of a ferromagnetic
YIG element, which have multioctave bandwidths and high quality factor (Q) res-
onators [69, 70]. They also consume considerable amount of DC power (0.75-3 W)
and their linearity is not high. Neither of these approaches can result in miniaturiza-
tion or produced in large volumes for wireless communication systems. Solid-state
varactors can provide a wide tuning range, but there are losses and linearity prob-
lems at microwave frequencies [71, 72]. The semiconductor-based varactors have
a quality factor (Q) as low as 2 or 3 which can be associated with fixed capacitors
in series in order to increase the Q of the resulting resonator, but in this case the
tuning range is decreasing. In general, losses can reduced by using a weak cou-
pling between the resonator and the varactor; higher O means lower tuning. In
contrast, employing MEMS technology enables the construction of miniaturized
tunable filters that exhibit low-loss, low power consumption, and excellent linearity.
The successful application of MEMS fabrication processes can reduce the overall
size, weight, and cost of RF-integrated systems and making them attractive for many
commercial and military applications [73, 74].

The RF MEMS switching circuits may also allow the development of low power
systems based on tunable antennas, low-noise tunable oscillators, tunable filters, and
tunable matching networks. The ultimate goal is to integrate the whole front-end
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system on a chip. The main bottleneck is represented not by the inductors or
switches but by the low-loss (high Q) filters, diplexers, and crystal reference. The
filters are currently being addressed using film bulk acoustic resonator (FBAR) tech-
nology and MEMS resonators. However, using the RF MEMS fabrication allows the
elimination of off-chip inductor in the oscillator circuit making the integration of the
tunable filter on a single chip possible. EBG structures and MEMS switches will be
used to design tunable bandpass and reconfigurable filters.

1.7 Capacitive Switching Bandpass Filters

When frequency spectrum gets crowded with a large number of communication
devices operating in a particular band, filter is becoming more and more criti-
cal. Tunable bandpass filters greatly simplify the design of transceiver and play a
major role, especially in the area of wideband and multimode transceivers. In signal
processing and communication systems, it is often desirable to reject unwanted fre-
quencies from a signal. However, it is undesirable to use multiple filters since large
surface area are occupied. Therefore, it is desirous to use a tunable filter to track
blocks for multi-band telecommunication systems, radiometers, and wideband radar
systems.

Many civil and military telecommunication and radar systems, such as electronic
warfare, software programmable RF front-end and digital receivers, require RF tun-
able bandpass filters to be as flexible as possible in terms of center frequencies
and bandwidth. The tunable bandpass filter which is tunable over a wide frequency
range also offers high rejection [75, 76]. Generally, the tunable bandpass filters can
be classified into three basic categories: mechanically tunable filters, magnetically
tunable filters, and electronically tunable filters [77-89]. However, none of these
satisfies the requirements of miniaturization and mass production.

In recent years, tunable bandpass filters based on MEMS technology which
brings much improvement in the trade-offs between the tuning range and the losses
in filter designs are widely studied. Capacitive switch and DC-contact switch can be
used to construct these MEMS tunable bandpass filters.

1.8 Substrate Transfer Process

High aspect ratio (HAR) is desired to provide sufficient lateral capacitance, to
increase the sensitivity of the sensor and to suppress the out-of-plane motion for
many MEMS devices and components, such as the comb-drive actuators, the inertial
sensors, and the variable capacitors. Different fabrication processes such as DRIE
for silicon-on-insulator (SOI)-based process and silicon-on-glass (SOG)-based
process are developed for high aspect ratio suspended silicon structures.

The high aspect ratio structures are etched in a silicon wafer using reactive ion
etching (RIE) technique, followed by the deposition of a thin layer of silicon dioxide



14 1 Introduction

(S8i0»). After removal of SiO; at the trench bottom, MEMS structures are released
using a silicon isotropic dry etching. Finally, metal is deposited [90, 91]. Only a
normal silicon wafer and single mask are needed to form suspended structures with
thickness of 20 wm and aspect ratio greater than 10. However, this process has
two shortcomings. First, the etching depth varies with the trench width of the struc-
tures due to the aspect-ratio-depending-etching (ARDE) effect of the DRIE. Second,
the release process sacrifices some silicon of the structures and results in irregular
shape at the bottom of the silicon structures. The two problems lead to the deviation
of the mechanical performance of the device. SOI-based process can avoid those
problems well. In the SOI wafer, the device silicon layer with uniform thickness
is separated from the handle silicon layer by a buried oxide layer. After deposi-
tion and patterning of the hard mask, the device layer is etched using DRIE. Then,
the MEMS structures are released using wet etching of the buried oxide or DRIE
over-etching [92, 93]. A glass substrate is more favorable than a silicon substrate
for high-frequency applications because of its low-loss characteristic [94-96]. The
straightforward method to construct devices or circuits is to first build RF circuits on
a silicon wafer or a SOI wafer and then transfer them to a glass substrate [94]. Bulk
silicon dissolved wafer process is developed in such a way to fabricate 1- to 25-pm-
thick MEMS structures on a glass substrate, in which device structures are etched
on a silicon wafer and heavily boron doped, then the silicon wafer is anodically
bonded to a glass followed by the silicon dissolving to leave heavily boron-doped
devices attached to the glass substrate [97]. However, it is difficult to fabricate thick
MEMS structures using the silicon-dissolved wafer process due to the limitation of
the diffusion process. The typical diffusion time is 15-20 h for a diffusion depth of
15-20 pm. In order to supply thick device silicon layer (>30 pwm) on the glass, the
conventional SOG process is widely used [98—100]. In the conventional SOG pro-
cess, some shallow trenches are etched in a glass wafer or the backside of a silicon
wafer first. After the silicon wafer is anodically bonded to a glass wafer, the silicon
wafer is thinned from the backside using either mechanically grinding or chemically
etching with KOH. Then, the MEMS structures are aligned to the shallow trenches
through a double-side alignment, followed by the formation of the high-aspect-ratio
structures by etching through the silicon layer using DRIE process. However, the
conventional SOG-based process has three shortcomings. First, the Si-glass stack
always bows or warps after anodic bonding due to residual stress of the bonding.
Therefore, double-side alignment and yield are restrained. Second, since the glass is
a poor thermal conductor, the substrate temperature ramps rapidly during the DRIE
process. Therefore, it worsens the DRIE etching quality of the high-aspect-ratio
structures. Third, since glass is an insulating material, the notching effect is hash.
Ionization of low frequencies (380 kHz) in the high-density inductively coupled
plasma (ICP) etch tool can reduce the notching effect by removing the accumu-
lated charges on the insulating surfaces. However, when the etching depth is large
(>100 pm) and over-etching lasts long time, notching effect damages structures. To
avoid the notching effect, a metal layer can be deposited and patterned on glass or
on silicon before anodic bonding [100].
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In Chapter 9, a new substrate transfer process is developed to fabricate high-
aspect-ratio silicon-suspended structures with large thickness (>30 pwm) on a glass
substrate. This fabrication process is to first pattern the high-aspect-ratio silicon
structure in desired shapes using the DRIE process. Then, the silicon structure is
transferred to the glass substrate using a Si/thin film/glass anodic bonding pro-
cess followed by two silicon thinning processes. Finally, the suspended structure
is released by a self-aligned etching of the glass. This fabrication process voids all
the problems in the conventional SOG-based process. The design of the fabrica-
tion process is described in Section 9.1. The three key unit processes — silicon/thin
film/glass anodic bonding, silicon thinning using KOH etch, and metal deposition
using a shadow mask — are explored in Sections 9.2, 9.3, and 9.4, respectively. The
summary is drawn in Section 9.5.

1.9 Surface Planarization Process

MEMS fabrication processes can be divided into surface micromachining process
and bulk micromachining process. In this work, the surface micromachining process
is used for the fabrication of the capacitive switches and the switch circuits. The
planarization of the metal bridge plays a significant role in reducing the contact
area between the bridge and the dielectric layer. Specially, the surface planarization
processes are developed for a flat metal bridge and reduces the roughness of the
dielectric layer [101-104]. In this book, a new planarization process is proposed by
filling the CPW slot with photoresist that can effectively improve the flatness of the
bridge. Besides the surface planarization, surface roughness is another important
consideration to improve the intimate contact between the metal bridges and the
dielectric layer when the metal bridges are driven down. Therefore, all fabrication
issues related to the RF effects of the metal bridge flatness and the surface roughness
of the dielectric layer will be discussed in Chapter 10.
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Chapter 2
Lateral Series Switches

The objective of this chapter is to study the lateral RF MEMS series switch [1-14].
The switch consists of a silicon-core (Si-core) transmission line and a cantilever
beam. The switch connects or disconnects with the RF circuit by the in-plane motion
of the cantilever beam. The Si-core coplanar waveguide (CPW) transmission line is
used to configure the switch. The Si-core CPW has the same advantage as the normal
CPW, that is, it enables series and shunt elements connection without metal coating.
The main advantages of the lateral switch are reliable mechanical performance and
simple fabrication process.

This chapter is organized as follows. First, the RF design, circuit modeling and
simulation of the lateral RF MEMS switch are presented. The RF performance of
the switch can be improved by optimizing the electrical parameters of the switch.
Second, the mechanical design and optimization of the cantilever beam of the lateral
switch are discussed. The dynamic responses such as the switching time and the
release time of the switch are studied. Finally, the experimental results of the lateral
switch such as its insertion loss, return loss, isolation, threshold voltage, switching
speed are discussed. Comprehensive modeling and design of the lateral switch are
verified by extensive experiments for both electrical and mechanical characteristics.

2.1 Electrical Design and Simulation

In this section, the RF circuit design and the lumped-element modeling of the lateral
switch are discussed. The main purpose is to study the effect of the design param-
eters and to realize lateral switches with low insertion loss, high return loss, and
high isolation. Since the switch is a metal-contact series switch, the on-state and the
down-state of the switch and the off-state and the up-state of the switch are used
interchangeably.

Min Tang and Ai Qun Liu
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2.1.1 RF Circuit Design of the Lateral Switch

A lateral switch consists of a Si-core CPW and an electrostatic actuator, as shown
in Fig. 2.1a. A cantilever beam is fixed at one port. The free end of the cantilever
beam comes into contact with the contact bump at the other port upon turning on
the switch. The cantilever beam serves as the signal line alone. The ground lines
beside the cantilever beam are extended toward the cantilever beam to avoid drastic
increase in the characteristic impedance. The width of the gaps between the can-
tilever beam and the ground lines is 20-30 pm. The characteristic impedance of the
cantilever beam section, Zj, is about 78 2 simulated by a 3D full-wave finite element
method (FEM) analysis tool — Ansoft’s high-frequency structure simulator (HFSS)
V8.0 [15]. At the free end of the cantilever beam, one ground line protrudes toward
the cantilever beam further to serve as a fixed electrode. Therefore, no additional
fixed electrode is required. When sufficient DC bias voltage is applied between the
cantilever beam and the ground line, the cantilever beam is pulled toward the fixed
electrode by electrostatic force until its free end hits the contact bump, resulting in
the on-state of the switch. When DC bias voltage is removed, the mechanical stress
of the beam overcomes the stiction forces and pulls the cantilever beam away, result-
ing in the off-state of the switch. Due to the asymmetrical layout of the two ports,
the S-parameters obtained from the two ports are not reciprocal. The return loss of
port 2 is better than that of port 1 at the off-state since the open stub at port 2 is
shorter than port 1. Hence, generally port 2 acts as the input port and port 1 acts as
the output port to block more RF signal at the off-state of the switch. Figure 2.1 (b)
shows the cross sectional view of the lateral switch. The switch is on a SOI wafer.

Port 1

LRSi (35 pm)

Cantilever beam Cantilever beam

HRSi (500 pm)

Port 2
(a) (b)

Fig. 2.1 Schematics of a lateral switch: (a) top view and (b) cross-sectional view. Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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The substrate is 500-pum-thick high-resistivity silicon (HRSi). The device layer is
35-wm-thick low-resistivity silicon (LRSi). The switch structures are made of LRSi.
A thin layer of metal is coated on the top and sidewalls of the switch structures to
propagate RF signal.

2.1.2 RF Circuit Model of the Lateral Switch

Figure 2.2 shows the equivalent circuit of the lateral switch. The model consists of a
characteristic impedance, Z, for the input and output sections of the Si-core CPW;
a line resistor, Rj, of the cantilever beam; a line inductor, L, of the cantilever beam;
a switch series capacitor, Cg (off-state) or a contact resistor, R, (on-state); and a
shunt coupling capacitor, Cy. Except Zy, other parameters are allowed to vary to fit
the measurement results or the simulation results. The equivalent circuit is modeled
using the design tool of Agilent EESof’s Advanced Design System (ADS).

RC
=AA—e
- RS |
e VAVAV {C———
Zo R L c, Z,
~C,

Fig. 2.2 The equivalent circuit of the lateral switch. Copyright/used with permission of/courtesy
of Institute of Physics and IOP Publishing Limited

According to the T-equivalent circuit model, S»; of the circuit can be given
by [16]

2

So1 = P (2.1a)
2+ Do+ 21+ 27+ (2 + B+ BR) [ 7
where
Z1 =R+ joL (2.1b)
1

7, = | G at the open state 2.10)

R. at the close state

1

73 = —— 2.1d
3= Cs (2.1d)

w is the angular frequency (w = 27f, f is the signal frequency).
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At the off-state of the switch, the switch capacitance, Cs, is an important factor
that affects the isolation of the switch. When

2 C R Ce
$21 << —10dBand wCsZp |2 — 0 Cel+ — + — | 1+ = || << 1
Cs Z Cs

the isolation of switch can be approximately expressed as

So1 ~ j20CsZ (2.2)

Therefore, the series capacitance, C, of the off-state switch can be extracted
from the simulated or measured isolation of the switch using Eq. (2.2). Figure 2.3
shows the simulated isolation of an off-state switch with various series capaci-
tances of Cs. The isolation of the off-state switch increases with the decrease in
Cs. The equivalent series capacitance Cg of our practical lateral switches is 3—10
fF. Up to 25 GHz, the isolation is higher than 25 dB for Cg = 3 fF and 15 dB for
Cs =10fF

0 e b e .
_10 i O R N T
—20

)

T 30/ -

C

S S

s g R D

g e N Co=11F

Ot D I C,=6.71F
o C,=101F
C,=201F
60 - /NN S S I C,=100fF
E /f i
-70 — T T T
0 5 10 15 20 25
Frequency (GHz)

Fig. 2.3 Simulation results of S-parameters with various capacitances Cs at the off-state of the
lateral switch (R; = 1 , L = 148 pH, Cy = 30 {F)

At the on-state of the switch, the insertion loss and the return loss can be
expressed as

2

Sy = — 23a

2 24+ K1 +j- K> ( )
Ki+i K

Si 1743 (2.3b)

2+ Ki+j K
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where
Ry + Rc 2 Rc
K| = Z —w CgL (1 + Z_0> (2.3¢)
RiR. L
Ky =w|Cg|RI+ R+ 2Zp+ + = (2.3d)
Zy Zy
RiR. L
Ki=w|Cg| R —R. —Zp + + — (2.3e)
4 Zo

At low frequencies, when 2+K; >> 0 and K, < 24 (R) + R.) /Zp, the insertion loss
and the return loss of the switch can be simplified as

Sn~2/[2+ (R +R) /%) (2.4a)

Si1 & (Ri+ Re) /1220 + (R + Ro)] (2.4b)

Figure 2.4 shows the simulated results of the insertion loss and the return loss of
the switch at the on-state with various (R + R.). The RF performances of the switch
at the on-state deteriorate with the increase in (R} + R.). When R} + R. < 2 2, the
insertion loss is less than 0.2 dB up to 10 GHz. When (R} + R.) increases to 10 €2,
the insertion loss is larger than 0.8 dB at 10 GHz. The return loss decrease with
(R1 + R.) Therefore, the resistance sum (R] + R.) should be as small as possible to
achieve low insertion loss and high return loss.

Insertion loss (dB)
(gp) sso| uinyey

, ‘ : —— R+R,=1.0Q
25/ ek — R+R,=20Q |- -50
N R+R;=10.0Q
-3.0 . : . ; . : . ; . -60
0 5 10 15 20 25

Frequency (GHz)

Fig. 2.4 Simulation results of S-parameters with various resistance sum at the on-state of the
lateral switch (L = 148 pH, Cy = 30 fF)
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The resistance sum (R] + R.) of the switch at the on-state can also be extracted
from the simulated or measured insertion loss of the switch using Eqgs. (2.4a) and
(2.4b). It is found that the measured resistance sum (R} + R.) decreases with the
increase in the metal thickness of the coating layer since the cantilever beam resis-
tance, Ry, is determined by the thickness of the coating metal layer and the contact
resistance, R, is largely affected by it too. The effect of the metal thickness on the
beam resistance, Ry, is discussed. Due to the skin effect of the metal layer at high
frequencies, the fields decay by an amount of 1/e in a depth of one skin depth. The
skin depth, d5, of metal is given by [16]

2

woo

8s = (2.5)

where 11 is the permeability of the vacuum (ng = 4w X 10~7H/m) and o is the
conductivity of the metal layer. The conductivity and the skin depth of the metal
layer used in our experiments are listed in Table 2.1. The skin depth of aluminum
(Al) is 0.83 pm at 10 GHz and 0.53 pm at 25 GHz. The surface resistivity, Rg, of
the metal layer is given by

R = !1 [(08) (1= ) (2.6)

1/(ct) (t <)

where 7 is the metal thickness. Then, the resistance of a cantilever beam, R;, can be
expressed as

l.
R = R, Z W—l (2.7
i l

where /; and w; are the length and the width of different sections of the cantilever
beam. Therefore, the resistance of the cantilever beam increases with frequency
due to the skin effect. For instance, for a cantilever beam with [ = 460 pm, w =
33 wm, ty = 1.2 pm, and ¢, = 1.2 wm, the calculated resistance of the beam R
keeps constant of 3 Q from DC to 4.6 GHz, then increases with frequency after
4.6 GHz. The resistance is 7.1 Q at 25 GHz. When the thickness and the conduc-
tivity of the metal layer are larger, the beam resistance is smaller. The RF power

Table 2.1 Electrical properties of different metal materials

Skin depth, 8 (jLm)

Material Conductivity, o (S/m) 10 GHz 25 GHz 40 GHz
Al 3.80x 107 0.82 0.52 0.4
Au 4.55%107 0.75 0.47 0.37

Cu 5.88x 107 0.66 0.42 0.33
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dissipation decreases and the insertion loss of the switch is lower. Therefore, the
metal layer with high conductivity has to be coated as thickly as possible to achieve
good RF performance.

The series inductance L can be calculated by [16]

IR ANC:
L= APl _ AlVeen 2.8)
C

w

where Z; is the impedance of the cantilever beam, [ is the whole length of the can-
tilever beam, B is the phase constant, e is the relative effective permittivity, and ¢
is the speed of the light in vacuum (c = 3.0 x 103 m/s). In this design, [ = 400-500
pm, geff & 1.66, Z] = 50-78 2, and the equivalent series inductance is 86—167 pH.
In Fig. 2.5, the simulated results show that the RF performances of the switch at the
on-state become better when the inductance increases from 10 to 100 pH. However,
the insertion loss and the return loss begin to deteriorate when the inductance L
increases further, especially at a high-frequency range.

0.0 T T T T T T T T T 0

Insertion loss (dB)
(gp) sso| uinjey

: : . : . : : :
0 5 10 15 20 25
Frequency (GHz)

Fig. 2.5 Simulation results of S-parameters with various inductances L at the on-state of the lateral
switch (R =1W, R. = 1.8 W, Cy = 30 {F). Copyright/used with permission of/courtesy of Institute
of Physics and IOP Publishing Limited

Cg is the shunt coupling capacitance between the cantilever beam and the fixed
electrode, which can be estimated as

eohh
Co=—— 4G (2.9)
80—
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0 T
10 _ Insertion loss -
Return loss .~~~
g 20 e men T 1.0
Y
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R B B EE T Cy=30fF
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Fig. 2.6 Simulation results of S-parameters with various capacitances C; when the switch is at
the on-state of the switch (R = 1 W, R, = 1.8 W, L = 148 pH). Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

where & is the permittivity of the air (8.854 x 10712 F/m), I, is the length of the
fixed electrode, # is the height of the cantilever beam, g is the original gap distance
between two electrodes, y is the displacement of the electrode part of the cantilever
beam, and Ct is the fringing field capacitance which is 20-60% of C, [17]. This
coupling capacitance is fairly large (Cg > Cs) and affects the loss mechanism at
the on-state of the switch. Figure 2.6 shows that the RF performances, including the
insertion loss and the return loss of the switch at the on-state, are improved when
Cy increases from 10 to 60 fF, whereas the RF performances begin to deteriorate
when C, increases further to 125 fF. It is noted that when the switch is actuated,
the gap between the two electrodes, g(= go — y), decreases. Hence, the coupling
capacitance at the on-state, Cy ¢, is slightly larger than the one at the off-state, Cg 0.
On the other hand, the structure design of the cantilever beam and the distance
between the cantilever beam and the fixed electrode also determine the mechanical
performance of the switch in terms of the threshold voltage and the switching speed.
Therefore, it is important to select the proper values of /; and g for the switch design
to compromise between electrical and mechanical performances.

2.1.3 Double-Beam Lateral Switch

A double-beam lateral switch is designed and shown in Fig. 2.7 to achieve low
insertion loss and high power handling. Two cantilever beams are used in the sig-
nal route together to propagate RF signal. Both fixed connections of two cantilever
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Fig. 2.7 The schematic of Port 1
the top view of a
double-beam lateral switch.
Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

Ground

Contact
bump

Port 2

beams are on port 1 and two contact bumps are on port 2. At the free end of two can-
tilever beams, both ground lines extend toward the nearby cantilever beams to serve
as their fixed electrodes, respectively. Therefore, when sufficient DC bias voltage is
applied between the signal line and two ground lines at port 1, both cantilever beams
are pulled by the electrostatic force and move toward two ground lines, respectively,
until they hit two contact bumps at port 2. Generally, port 2 acts as the input port
and port 1 acts as the output port for better signal isolation from the source at the
off-state of the switch. Similar to the single-beam switch, the two-port S-parameters
of the double-beam switch are not reciprocal due to the asymmetrical layout.

Figure 2.8 is the equivalent circuit of the double-beam lateral switch. For the
double-beam switch, the resistor R} = Rjo/2, the inductor L = Ly/2, the series
capacitor of the switch at the off-state Cs = 2Cy, the contact resistor of the switch at
the on-state R. = Rco/2, and the shunt coupling capacitor Cg = 2Cy0, assuming that
two cantilever beams are identical. Hence, the electrical model of the single-beam
switch can also be used for the double-beam switch.

Ry

fm JII:L
;,o’lilﬂ\c,,‘l

Fig. 2.8 The equivalent circuit of the double-beam lateral switch. Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

AXH,
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2.2 Mechanical Design and Simulation

The lateral switch is based on an electrostatic actuator as shown in Fig. 2.9. The
actuator consists of four components: a suspended cantilever beam serving as a
movable electrode, an anchor on the substrate to support the cantilever beam, a
fixed electrode opposite to the cantilever beam, and a contact bump.

Anchor l
1

E

ntact bar
Vv Fixed electrode Contact ba

Fig. 2.9 The schematic of the top view of an electrostatic actuator. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited

The cantilever beam OC is a beam mass structure as shown in Fig 2.9. For the part
of the beam OA, the width is w; and the length is /;. For the part of the mass AC, the
width is wy and the length is (/>+/3) in which /, is the length of the electrode section
AB and /3 is the length of the remaining part BC. The mass width, w», is designed
to be relatively wider than the beam width, wy, so that low threshold voltage can be
maintained and greater deformation of the electrode section may be avoided. Hence,
no separate stop bumpers or landing pads are required to avoid short circuit between
the two electrodes.

The original distance between the two electrodes is gg and the distance between
the contact bump and the mass part is dy. dy is relatively smaller than g¢ so that the
cantilever beam can touch the contact bump when the switch is actuated. In Fig 2.9,
the X- and Z-axes are oriented parallel to the length and the depth of the cantilever
beam respectively, while the Y-axis is directed toward the fixed electrode.

For the design of the lateral switch in static behavior, low threshold voltage is
always desired. The threshold voltage is determined by two forces — the electrostatic
force, Fe, and the restoring force, F; — which will be discussed.

2.2.1 Static Electrostatic Force

When a DC bias voltage, V, is applied between two electrodes, the electrostatic
force, F., causes the mass to move toward the fixed electrode and the beam is bent.
The bending of the mass part is negligible because it has much higher flexure rigidity
than the beam. The displacement of the mass increases with voltage until pull-in
occurs. If the displacement of the beam OA and mass AC from its original position
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are designated as y; |, and y;|y, respectively, the electrostatic force, Fe, on the mass
can be derived as

Li+b ey Wby

Fe= / 0 = £012 (2.10a)
2(go0 — ¥y2) 2(go —a — 0h)(go — o)
1
where

2l =a+0x—1h), h<x<h+Db (2.10b)
a = y2lx=t, = Yilx=1 (2.10c)
0 = ysle = ¥ lx=, (2.10d)

where (') denotes the derivative with respect to position x. When the electrostatic
force is not uniform, the bending moment, M, caused by the electrostatic force can
be calculated as

L+l o 5 o
Mo — / gohV~= (x — 1) dx _ gohV In go— o —06h n 0l
0T 2(g0 —a + 0l —6x)2 262 80—« go—oa — 0D

I
(2.11a)
For small 8, M can be approximated as

eohV?B3 1 1
)= - (2.11b)
2(g0—a) \go—a—0L 2(go—a)

The equation for the displacement of the beam y |, is determined by [18]
Eihy"|x =Moo+ Fe(li —x), 0<x<I (2.12)

where E; is Young’s modulus of the beam and /; is the moment of inertia of the
cross-sectional area of the beam. At x = 0, the boundary conditions are

Yilx=o =¥ lx=0 =0 2.13)

By solving Egs. (2.10c¢), (2.10d), (2.12), and (2.13), « and 0 can be obtained as

_ 3Mol} + 2F.l;

2.14
6E11; ( 2)

2Moly + Fel3

2.14b
2E 1, ( )
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Therefore, at a specific applied DC bias voltage V, Fe, and M( are determined
by o and 6 from Egs. (2.10a), and (2.11a) and (2.11b), whereas « and 6 are deter-
mined by My and F, from Eqs. (2.14a) and (2.14b). Thus, F, My, o and 6 can be
found through numerical iterations. For a voltage equal to or larger than a specific
value, the iteration results become divergent. This specific voltage is called thresh-
old voltage. For the threshold voltage, once « and 6 are known, the displacement of
the mass is found by Eq. (2.10b). For an actuator with /1 = 275 wm, I = 165 pm,
I3 =10 pm, wi= 2.4 pm, wy =5 um, wa; = 0.45 pm, go = 4.8 um, dp=2.8 pm,
the threshold voltage is calculated to be 23.7 V. The maximum stable displacement
of the mass center is 1.37 pm, which is a little smaller than 1/3g.

2.2.2 Static Restoring Force

When the mass part is displaced, an elastic restoring force by the beam tends to pull
the mass back toward its original position. At the end of the electrode part AB of
the mass, the restoring force, F;, can be written as

Fy = —kyalx=t, 441, = —k o + 6(2 + 13)] (2.15)

where k is the equivalent stiffness of the cantilever beam. Suppose that the mass
is subject to a concentrated force at the midpoint of the electrode section, the
equivalent stiffness, k can be expressed as

I — 12E111 Ex I
ExD[A1 + 981 + 6(1313 + 113 + L11513)] + E1l1 (55 + 61513) /4

(2.16)

where E, is Young’s modulus of the mass and I» is the moments of inertia of the
cross-sectional area of the mass. Before the metal coating, the beam is merely made
up of single-crystal silicon. Ey, E», 1, and I, are given by

Ey =E; = Es; (2.17a)
1 3

I = Ewl h (2.17b)
1 3

L = szh (2.17¢)

where Eg; is Young’s modulus of the single-crystal silicon. After the metal coating,
the beam is made of single-crystal silicon covered by metal on the top and sidewalls.
Therefore, E1, E, I1, and I can be expressed as

o Esiwi + 2Eqwn

E;
w1 + 2wm

(2.18a)
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_ Esiwy + 2Eqwm

E, = 2.18b

2 2 2 ( )
1

I = ﬁ(w1 + 2wm)> & (2.18¢)
1

b=+ 2wm)’ h (2.184d)

where Ey, is Young’s modulus of the metal, wy, is the thickness of the metal coated
at sidewalls of the silicon beam. The material properties of the lateral switches are
given in Table 2.2. Typically, w; = 2.5-3 pm, wp = 5-15 pm, wyp < 1 pm. Since
Esiwi1 > SEqnwn, the equivalent stiffness is dominated by silicon structures. After
the metal coating, the initial gap distance between two electrodes, g¢, and the initial
gap distance between the beam end and the contact bump, dy, are expressed as

80 = gSi — 2Wm (2.19a)
do = dsj — 2wp (2.19b)

where gsi and ds; are the initial gap distance between the two silicon electrodes
and the initial gap distance between the silicon beam and the silicon contact bump
before metal coating, respectively.

Table 2.2 Material properties of the lateral switches

Material Density (kg/m?) Young’s modulus (GPa) Poisson’s ratio

Si 2330 162 0.27
Al 2700 70 0.35
Au 19,280 80 0.44
Cu 8960 128 0.36

2.2.3 Static Threshold Voltage

The balanced position of the cantilever beam can be found as the force is balanced
F=F.+F=0 (2.20)

The curves of normalized F.. and |F;| as functions of the normalized displacement
v/go are shown in Fig. 2.10. For a specific mechanical structure, k is a constant.
Therefore, the curve for the restoring force, Fi, is a straight line starting from the
origin of the coordinates. The curve for the electrostatic force, Fe, is a hyperbola.
When the applied bias voltage, V, is less than a specific voltage Vy,, the two curves
have two intersections. Equation (2.20) has two solutions. When the bias voltage V
increases, F. increases and the two intersections move closer. When V = Vy,, the
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Fig. 2.10 Normalized electrostatic force and restoring force on the movable cantilever beam with
various applied bias voltages

intersections coincide. When V > Vy,, the two curves do not intersect since Fo =
—F; at all displacements, that is, the mass part always collapses to touch the con-
tact bump. Vy, is the threshold voltage, which can be calculated using the iteration
method, as discussed in Section 2.2.1.

Figure 2.11 shows the shape of a cantilever beam (/ = 275 wm, [, = 165 pm,
I3 = 10 wm, wi= 2.4 um, wp = 5 pm, wa; = 0.45 pm, go = 4.8 pm, dp= 2.8
pm) with various bias voltages, which is simulated by commercial 3D simulation
software — LS DYNA. The deformation of the beam OA of the cantilever beam
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0 50 100 150 200 250 300 350 400 450
X (um)

Fig. 2.11 The shape of cantilever beam with various applied bias voltages. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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increases with the bias voltage, whereas the mass part AC of the cantilever beam
moves almost without deformation. The simulated threshold voltage is 24 V, which
is close to the calculated result, 23.7 V, using the iteration method.

The threshold voltage, Vi, is determined by the cantilever beam structure and
the original gap between two electrodes, go. Figure 2.12 shows that the thresh-
old voltage, Vi, decreases when the original gap between the two electrodes go
decreases or the length sum(/; + l») increases. When the cantilever beam length
ratio, Il /(I1 + [3), is within the range of 30 — 75 %, Vi, only changes within 10%
of the minimum value of Vy,, which is referred to as [Vin]min. The corresponding
length ratio [l /(11 + [2)]min tO [Vinlmin 1S 50% when wi = 2.4 pm, wp = 5 pm, and
wal = 0. It also shows that [/2/(I1 + /2)]min is almost independent of the initial gap,
g0, and the length sum (/1 + b).
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Fig.2.12 Calculated threshold voltage Vi, with various lengths (/1+ 1p), [>/(l1+ [») ratio, and initial
gap distance go (/3 = 10 pm, w; = 2.4 pm, wp = 5 pum, wy, = 0, gsi = 6 wm). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

Figure 2.13 shows that Vi, is more dependent on the beam width, wy, than the
mass width, wo. The effect of the mass width, wy, is negligible. Vi;, increases with
beam width, w;. The mass structure can be designed as a hole mass structure as
shown in Fig. 2.21. The hole mass has three advantages compared to the solid mass.
First, the solid-mass with the width of more than 5 pwm is not easy for release due to
the constriction in the fabrication process. This problem can be solved by hole mass.
Second, the etched holes reduce the effective mass of the mass structure and increase
the flexibility of the whole cantilever beam structure. Third, the lateral switch with
the hole mass structure can provide better RF performance than that with the solid
mass structure. Section 2.4 provides a more detailed discussion on the cantilever
beam effect on the RF performance of the lateral switch.

The effect of the metal thickness, wp,, of sidewalls on the threshold voltage is
more complicated. For further elaboration, aluminum is used as a coating metal. The



36 2 Lateral Series Switches

45
40
— W;=20
< — W,=25
ST W,=3.0
G — - W,=35
F > 2 [, e g
S
S 30
>
e}
o
<
625 e ey
ey
l_
20
15
5 10 15 20

The width of the mass section of the cantilever beam, w, (um)

Fig. 2.13 Calculated threshold voltage Vi, with various cantilever beam widths (wy, wo) (I} =275
wm, I = 165 wm, /I3 = 10 pm, gsi = 6 wm, wy, = 0). Copyright/used with permission of/courtesy
of Elsevier B.V

effect of the aluminum (Al) thickness, waj, is shown in Fig. 2.14. Initially when wa
increases from zero, the threshold voltage, Vi, increases slightly. However, after the
threshold voltage, Vi, gets to its maximum value, it decreases with increase in wa.
This observation can be explained by two effects that arise from the metal coating
at sidewalls. On the one hand, the metal increases the stiffness of the cantilever
beam which tends to increase the restoring force, F;, and the threshold voltage,
Vin. On the other hand, the metal coating reduces the original gap between the two
electrodes from gg;j to (gsi—2wm), which tends to increase the electrostatic force,
Fe, and reduce the threshold voltage, Vi,. When wy) is small, the increase in F;
dominates the increase in F.. As a result, Vi, increases. However, once wp; exceeds
a specific value, the increase in Fe dominates the increase in F;. Therefore, Vi, falls.
In general, the change of the threshold voltage, Viy, due to the metal coating is less
than 5 V since wa is less than 1 pm. The effect of the beam parameters of wy, wy,
and wy] on the threshold voltage, Vy,, is summarized in Table 2.3 when [} = 275
pm, lp= 165 pm, I3= 10 wm, and gs; = 6 wm.

2.2.4 Dynamic Frequency Response

The frequency response of the cantilever beam is useful to determine the switching
time and the mechanical bandwidth of the lateral switch. The frequency response
can be determined by d’ Alembert’s principle as [19]



2.2 Mechanical Design and Simulation

Threshold voltage, Vi, (V)

45

40

35

30

25

20

15

10
0

37

Al thickness on sidewalls, wy (x:m)

Fig. 2.14 Calculated Vi;, versus thicknesses of Al coated at sidewalls wa; (I; = 275 wm, L= 165
wm, 3= 10 pm, gsi = 6 um, wr = 5 pm)

Table 2.3 The effect of the cantilever beam parameters on the threshold voltage, Vi

Mass width, wy (nLm)

Al thickness at sidewalls,

(war =0) wal (wm) (wa =5 pm)
Beam width,
w1 (Lm) 2.5 5 15 0.2 0.6 1.0
2.0 17.25 17.25 17.25 19.45 22.15 22.45
2.4 22.65 22.65 22.65 24.7 26.8 26.35
3.0 31.65 31.65 31.65 33.25 34.35 32.6
35 39.9 399 399 41.05 41.05 38.1

my” + by + ky = fext (2.21)

where (") denotes the derivative with respect to time ¢, y is the lateral displacement
of the cantilever beam relative to the origin of the fixed electrode, m is the effective
mass, k and b are the effective stiffness and the damping coefficient of the simplified
system, and fex((?) is the electrostatic force. The electrostatic force, fex((?), between

the two electrodes generated by a bias voltage, V, can be simplified as

fext(t) = )

eohly V2
(80 —

(2.22)
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Based on the Laplace transforms, the frequency response of the cantilever beam
with small vibration amplitude can be expressed as

Y(jo) 1/k
Fjo) 1 — (o/wo)® + jo/ (Qw)

(2.23)

where o is the working angular frequency, o is the natural resonant angular fre-
quency, and Q is the quality factor of the cantilever beam. wg and Q are expressed as

wo = v/ k/m (2.24)
Q = k/ (wob) (2.25)

The quality factor Q of the cantilever beam is determined by several different
variables, such as the pressure, the temperature, and the intrinsic material dissipa-
tion. The quality factor is also an important component for the switching time. For
example, a cantilever beam (/3 = 10 pm, w; = 2.4 pm, wp = 5 pm, wy = 0,
gsi = 6 wm) has the frequency response of f = 15 kHz and k = 0.94. The variation
in response amplitude of the cantilever beam is simulated with different quality fac-
tors. Figure 2.15 shows that the response amplitude at 15 kHz is increased when the
quality factor ranges from 0.2 to 2.0. When Q < 0.5, it has a slow switching time;
when Q > 2, it has a long settling time. In practice, it is beneficial for the switching
time that the quality factor of the cantilever beam is designed by 0.5 < Q < 2.

1Y (jw)/F(jw)! (dB)

1000

Frequency (KHz)

Fig. 2.15 Frequency response of a cantilever beam with resonant frequency f = 15 kHz and
k=10.94



2.2 Mechanical Design and Simulation 39
2.2.5 Dynamic Effective Mass

It is noted that the effective mass of the cantilever beam is not equal to the actual
mass of the cantilever beam since only the end portion of the cantilever beam is
moving. The effective mass, m, can be estimated by Rayleigh’s energy method [19].
Assume the cantilever beam is subject to a concentrated load, P, at the center of
the electrode section of the cantilever beam. Referring to Fig. 2.9, we can consider
the displacement y, and kinetic energy Ey of the cantilever beam at three portions,
respectively.
The first part is the beam (0 < x < [;). Its kinetic energy Ey; is given by

1 h
Ex = E(psmn + 2pmwm)h/ ¥} 2dx
0

2.26a)
1 P \? =4l + 2581 + 10215 (
= 2"\ e 30
where
_ P g PP (2.26b)
= 6E11; = 2E. 1 a 6E 11, ! 2% ’
my = (psiw1 + 2pmwm)l1h (2.26¢)

The second part is from the beginning of the electrode to the center of the elec-
trode of the cantilever beam (/;<x<Ij+[5/2). The kinetic energy Ey, is given by

1 hi+h/2 s
Ex = E(PSiWZ + 2pmWm)h / Yy dx
Iy

1 P \2 B+ 1)? P2 LB +1 P \? 494
:_m2[< ) 1 (N 2)Jr 15 (4 2)+< ) 2

2 Ei 8 E\LLExl 24 Exlh, ) 5760
(2.27a)
where
- PE PLE PR +2hb)x—1)  Px—0L)[BhL—x—10)) 2.27b)
2 3EiI;  2EL 2E1 1 6E, 1 ’
my = (psiw2 + 2pmwm)l2h (2.27¢)

The third part is from the center of the electrode to the end of the cantilever beam
(It + /2 < x <11 + I + [3). The kinetic energy Ey3 is given by
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1 li+h+13
Eia = S(psiwz + 2pmwm)h f Yy dx
hi+h/2 (2.28a)

2
1 |[P(B+0LL) PB 1 I
= -m + =+ =
2 2E 1 8E> 1 2 b

where

2 /
CPAB+3LB) PR+ Lb)x—1)  PB/4  PF (x-n-%

y3 = ) (2.28b)
12E114 2E 14 6E> 1 2E>1

Therefore, the total kinetic energy Ex are given by

1
Ex = Ex1 + Exa + Ex3 = 3 V2 (2.29a)

where the velocity y/,,, at the end of the cantilever beam is

P+ 1)  PB
2E 1 8EL I

Ymax = V3 [x=ti+h+1; = (2.29b)

The effective mass, m, can be obtained by solving Eq. (2.29a). Figure 2.16 shows
the portion mass mj, my and the effective mass, m, of a cantilever beam changes
with the ratio of (b/(l;+l)) when [{ + [, = 440 pum and /3 = 10 wm. It shows
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Fig. 2.16 Effective mass and part mass of the cantilever beam versus the ratio of I /(I;+l2) (w) =
2.4 pm, wy =5 wm, wa; = 0.6 pm, [1+lp = 440 pm, [z = 10 wm, and & = 35 pm)
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wal = 0.6 um, 2 = 35 um)

that the effective mass, m, is mainly determined by the mass of the electrode part,
my. The effective mass, m, is 5—-85% of the actual total mass of the cantilever beam
[m1 + ma(1 4 [3/1)] when the ratio of [l/(l1+1>)] is within the range of 30-75%.

Figure 2.17 shows that the natural resonant frequency of the cantilever beam
changes with the ratio of (l2/(I1+1)) and the sum of (/;+/»). It shows that the natural
resonant frequency of the cantilever beam changes slightly when [5/(l1+1) is within
the range of 30-75%. For example, when (/1+/2)= 440 pm and /3 = 10 wm, the
resonant frequency is 15 & 0.5 kHz as [»/(I1+/») is within the range of 0.3-0.75.
The natural resonant frequency of the cantilever beam decreases with the increase
of (I1+[») due to the increase of the effective mass and the decrease of the stiffness
of the cantilever beam.

2.2.6 Dynamic Switching Time

The switching time is obtained using Eq. (2.21) when y = go. Substituting
Egs. (2.22), (2.24), and (2.25) into Eq. (2.21), the dynamic response equation is
obtained as

, . wo 2 8()hle2
Y+ =y toy=7m—
07 2(g — y)%m

2.30
0 (2.30)

The equation governs the simple 1D nonlinear model and can be solved with a
nonlinear simultaneous differential equation solver — Mathematica [20].
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Table 2.4 Parameters of the cantilever beam for the dynamics simulations

Parameters Values Parameters Values

Iy (um) 275 psi (kg/m?) 2330

I (Lm) 165 PAu (kg/m3) 19,320

I3 (m) 10 pal(kg/m?) 2700

w1 (Lm) 2.5 Es;i (GPa) 162

wy (m) 5.0 Eay (GPa) 70

Wm (Jum) 0.6 Eau (GPa) 80

gsi (um) 6.0 Mass, m(ng) 107 (Al); 264 (Au)
dsi ()um) 4.0 Stiffness k(N/m) 0.86 (Al); 0.88 (Au)
h (um) 35 Frequency wq (kHz) 14.3 (Al); 9.2 (Au)

Assume that the cantilever beam has parameter values as shown in Table 2.4.
Figure 2.18 presents the time-domain response for the cantilever beam coated with
gold (Au) and aluminum (Al) for different Q factors. The applied voltage is 40 V.
There is a substantial improvement from Q = 0.5 to 2, but little improvement when
Q is above 2. The beam coated with Al responds faster than coated with Au since
mass of the Al is smaller than the mass of the Au. Figure 2.19 shows the switching
time depends significantly on the applied voltage. The calculated switching time is
23 s when the applied voltage is 40 V and 43 s when the applied voltage is 30 V
as Q = 1 and the coating metal is Al. The corresponding contact force values are
77.6, 106, and 139 N for 30, 35, and 40 V, respectively.

2.8

2.4

2.0

164

1.2

Gap Distance (um)

0.8

0.4

Voo \
v K
\ i s i
A \

0.0 ™
0 5

R
10 15 2

N e e e pE T
0 25 30 35 40 45 50 55

Time (us)

Fig. 2.18 Time domain response of a cantilever beam with different metal coatings and Q-factors
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2.2 Mechanical Design and Simulation 43

2.8

2.4 rrrrrrrr 30V

2.0+ H [

1.6 1 \

1.2+ N

Gap Distance (um)

0.8

0.4 \ \
0.0 4+— — ‘ :

— " —
0 5 10 15 20 25 30 35 40 45 50
Time (us)

Fig. 2.19 Time domain response for the cantilever beam with different applied voltages (Q = 1)

2.2.7 Dynamic Release Time

The nonlinear dynamic analysis equation can also be used to model the release
mechanism of the switch whenfex () = 0. The restoring force (= kgp) is 3.8—4.6 uN
and parameter values of the switch are shown in Table 2.4. Figure 2.20 presents the
release response for the cantilever beam coated with Al and Q = 0.5, 1, 2, and 4,
respectively. When Q = 2 and 4, the beam oscillates and takes a longer time to
stabilize. When Q = 0.5 and 1, the beam takes a shorter time to stabilize.
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Fig. 2.20 Simulation results of release time for different Q-factors
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2.3 Device Fabrication Processes

The lateral switches are fabricated using silicon-on-insulator (SOI) wafers, which
include a 35-pm-thick low-resistivity silicon (LRSi) device layer, a 2-pm-thick sil-
icon dioxide (SiO») layer and a 500-pm-thick high-resistivity silicon (HRSi) handle
layer (>4000 €2 cm). The fabrication process begins with the deposition and pattern-
ing of SiO; on the device layer. Then, the switch structures are etched in the device
layer until the buried oxide using deep reactive ion etching (DRIE) technique. Next,
the cantilever beam is released by removing the buried oxide using buffered oxide
etchant (BOE). Finally, a thin layer of aluminum is coated on the top and sidewalls
of the switch structures using E-beam evaporation [21].

For a typical lateral switch, the signal line width, S, the ground line width, G,
and the space between the signal line and the ground line, W, of the Si-core CPW
port are 66, 100-300, and 67 pm, respectively. Therefore, the port can accommo-
date 150 pm-pitch ground—signal-ground coplanar probes; at the same time, the
characteristic impedance of the Si-core CPW is 50 €2. The design dimensions of the
electrostatic actuator are /; =210-275 wm, I = 165-220 wm, /3 = 10-30 wm, w;=
2-3 wm, wp = 5-15 pm, gsj = 4-6 wm, and dsij= 3—4 pwm. There are four main
concerns in selecting these dimensions for the switch design. First, to keep a small
device area, generally <1 mm?, a short cantilever beam is required. Second, good
RF performance needs a short and wide cantilever beam and a large gap distance
between the cantilever beam and the fixed electrode. Third, to obtain low actuation
voltage and fast switching speed, a long and narrow cantilever beam and a small gap
distance are necessary. Fourth, wy, wa, gsi, and ds; should be large enough for easy
fabrication. The cantilever beam has a length of 450-500 pm. The entire device
including the two ports has a length of 700 pwm. The length ratio [l>/(I1+02)]min 1S
30-75% for low threshold voltage and low insertion loss.

Cantilever be
fith hole-mass

Fig.2.21 SEM image of a lateral switch with the hole mass (G: ground, S: signal). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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M

Fig. 2.22 AFM micrograph showing the surface roughness of the sidewall of a cantilever beam
coated with Al. Roughness = 250 A. Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

Figure 2.21 shows the SEM image of a lateral switch. The switch has a size of
400 pm x 700 pm in area. The actuator dimensions are /| = 275 pwm, [, = 165 pm,
I3 =10 pm, wi= 2.4 pm, wy = 15 pm, gs; = 6 um, and ds;= 4 um. A hole mass
structure is employed in the cantilever beam of the switch with the width of 15 pm.
Every hole is 10-pm wide and 30-pwm long. Figure 2.22 is an AFM micrograph
showing the surface roughness of a cantilever beam with Al coating. The surface
roughness is 250 A, which is much smaller than Al skin depth up to 100 GHz.
Therefore, only a small percent of the total current sees this roughness. The power

Contact Point

WD 4.0mm

Fig. 2.23 SEM image of the contact point on the cantilever beam. Copyright/used with permission
of/courtesy of Institute of Physics and IOPPublishingLimited
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loss due to this roughness is negligible [22]. Figure 2.23 shows the zoomed view of
the contact part of the cantilever beam after tens of switching cycles. The small point
contact is at the top of the cantilever beam sidewall, instead of the whole depth. That
is because the cantilever beam is not absolutely straight due to the limitation of the
fabrication process. The metal deposited at the upper side of the cantilever beam is
slightly thicker than that at the bottom. Therefore, the gap between the cantilever
beam and the contact bump on the upper part is slightly narrower than the bottom.
The contact point is about 1 um x 0.7 pwm in area. It is easy to realize effective
contact since the contact force focuses on this small contact area.

2.4 Lateral Switch Characterization

The RF responses of lateral switches are measured using HP 8510C Vector
Network Analyzer (VNA) with tungsten — tip 150 wm — pitch Cascade Microtech
ground-signal-ground coplanar probes. The system is calibrated using short-open-
load-through (SOLT) on-wafer calibration technique. All tests are performed in the
standard room environment without any device package. Before RF testing, each
switch is actuated tens of cycles to make the contact surfaces adapt to each other
and to make a constant contact resistance. Table 2.5 lists the actuator dimensions
and fitted circuit parameters of all switches discussed in this section. gsi = 6 pwm,
dsi = 4 pm. Except switches H and I, the other switches (switches A—G) are coated
with 1.2-pm-thick Al. The second column is the key parameter to differentiate each
switch. R is the total resistance (R = R+ R.).

2.4.1 The Single-Beam Switch and the Double-Beam Switch

Figure 2.24 shows measured and fitted S-parameters of a single-beam lateral switch
(switch A). The design dimensions of the cantilever beam of the lateral switch are
[y =275 wm, I, = 165 pm, I3 = 10 pum, wi= 2.4 pm, wp = 5 pm (solid mass),
gsi = 6 wm, and dsj= 4 pwm. About 1.2-pum-thick Al is deposited. The insertion
loss of the switch is 0.37 dB, the return loss is 23 dB, and the isolation is 27
dB at 10 GHz. The equivalent circuit model values are fitted using the measured
S-parameters in ADS. Table 2.6 shows the comparison between the fitted and cal-
culated values of the equivalent circuit models of switch A. The fitted inductance,
L, is close to the calculated value. The fitted parasitic capacitance, Cyc, at the on-
state and Cy, at the off-state are 28 and 20 fF, respectively, which are a little larger
than the calculated values 22.9 and 15.6 fF due to the fringing field capacitance.
Therefore, the fringing field capacitance is about 5.1 fF at the on-state and 4.4 fF at
the off-state. The calculated DC resistance of the cantilever beam, Ry, is 0.4 €2, while
the fitted total resistance, R, is 2.6 2. Therefore, the contact resistance is about 2.2
Q. The fitted total resistance increases with frequency, as shown in Fig. 2.25. The
resistance is 2.6 €2 at DC and 4.2 © at 10 GHz. The contact resistance may also
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Fig. 2.24 Comparison between measured and fitted S-parameters of the single-beam switch
(switch A)

Table 2.6 Comparison between fitted and calculated circuit values of switch A

Ri+R. @ R +R. @
DC (2) 10 GHz (2) L(pH) Cec(fF) Cgo,(fF) Cs (fF)

Fitted value 2.6 4.2 148 28 20 6.7
Calculated value 0.5 1.0 150 229 15.6 -
10
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Frequency (GHz)

Fig. 2.25 Plot of the fitted resistance, Rj+ R, of switch A with frequency
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increase with frequency. Third, the potential of the two ground lines is not same at
the high frequency due to the asymmetrical structure of the switch, which results in
more loss at high frequency. In this section, if without specific clarification, the total
resistance of the switches is set to increase with frequency in the equivalent circuit
model.

Figure 2.26 shows the SEM image of a double-beam switch. The switch has a
size of 800 wm x 700 wm. A solid mass structure is employed in the cantilever
beam. The actuator design dimensions and fitted circuit elements at 10 GHz are
listed in Table 2.5 (switch B). Figure 2.27 shows the comparison between the mea-
sured and the fitted S-parameters of the double-beam switch. The fitted S-parameters
agree with the measured results well. Figure 2.28 compares measured S-parameters
between the single-beam switch (switch A) and the double-beam switch. The
double-beam switch has a lower insertion loss than the single-beam switch by 0.1
dB from 0.05 to 25 GHz. The return loss of the double-beam switch is larger than
the single-beam switch from 0.05 to 17 GHz and lower than the latter when the fre-
quency is above 17 GHz. The isolation loss of two switches is close to each other.
The fitted total resistance, R, of the double-beam switch is 2.4 2 at 10 GHz, which
is close to half of the single-beam switch. The fitted inductance, L, of the double-
beam switch is 60.4 nH, which is also close to half of the single-beam switch. Lower
inductance results in lower insertion loss at high frequencies for the double-beam
switch. The parasitic capacitance at the on-state, Cyc, and at the open state, Cg,, of
the double beam switch is nearly two times of the single-beam switch, which results
in higher return loss at low frequencies for the double-beam switch. The open capac-
itance, Cs, of the double-beam switch is slightly larger than the single-beam switch.
Therefore, the equivalent circuit model of the double-beam switch, as shown in
Fig. 2.8, is verified to be valid. The double-beam switch can provide lower insertion

Cantilever beam
with rigid-mass

Fig. 2.26 SEM image of a double-beam lateral switch with the solid mass. Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 2.27 Comparison between measured and fitted S-parameters of the double-beam switch
(switch B)
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Fig. 2.28 Comparison of measured S-parameters between the single-beam switch (switch A) and
the double-beam switch (switch B). Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

loss than the single-beam switch. However, when two beams in the double-beam
switch are not symmetrical, the double-beam switch performances may deteriorate
and become worse than the single-beam switch.
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2.4.2 Cantilever Beam Design Effect

The cantilever beam is the main part of the signal line in the lateral switch.
Therefore, the design parameters (beam width, mass shape, and length) of the can-
tilever beam have a significant role in determining the RF performance of the lateral
switch.

Figures 2.29, 2.30, and 2.31 show the comparison between the measured and
fitted S-parameters of switches C, D, and E, respectively. In switch C, w; = 2.0
pwm, wp = 5 wm; in switch D, wi = 2.4 pm, wp = 5 wm; and in switch E, w; =
2.4 pwm, wy = 15 pwm. Other structure parameters are the same. In these switches,
fixed electrode is separated from the ground line, as shown in Fig. 2.38. All switches
have insertion loss below 0.8 dB, return loss of above 15 dB, and isolation of above
17 dB up to 20 GHz. The fitted S-parameters agree well with the measured results.
Table 2.5 shows that both the total resistance, R, and the inductance, L, decrease with
the beam width, either wy or wy. The parasitic capacitance at the on-state, Cyc, and
at the off-state, Cgo, of these three switches are the same. The open capacitance, Cs,
increases slightly with the beam width. Therefore, the beam width mainly affects
the beam resistance and the inductance, as predicted in Section 2.1.2.
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Fig. 2.29 Comparison between measured and fitted S-parameters of a single-beam switch with
the solid mass (switch C, w; = 2.0 pm, wp =5 pm)

Figure 2.32 shows the comparison of the measured results between switch C
(wp = 2.0 wm) and switch D (w; = 2.4 wm). It is found that the switch with wy
= 2.4 pm has slightly lower insertion loss and higher return loss than the switch
with wi = 2.0 wm. This is because narrower cantilever beam results in larger beam
resistance, R;, and inductance, L, than the wider cantilever beam. The isolations loss
of the two switches change marginally.
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Fig. 2.30 Comparison between measured and fitted S-parameters of a single-beam switch with
the solid mass (switch D, w; = 2.4 pum, wy = 5 um)
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Fig. 2.31 Comparison between measured and fitted S-parameters of a single-beam switch with
the hole mass (switch E, w; = 2.4 pm, wp = 15 pum)

Figure 2.33 shows the comparison of the measured S-parameters of switch D
(solid mass, wp = 5 pm) and switch E (hole mass, wo = 15 pm). The insertion
loss of the hole mass switch is lower than the solid mass switch by 0.1 dB. The
return loss of the hole mass switch is higher than the solid mass switch by 2.5 dB.
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Fig. 2.32 Comparison of measured S-parameters between switch C (w; = 2.0 wm) and switch D
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Fig. 2.33 Comparison of measured S-parameters between switch D (solid-mass, wp = 5 pm) and
switch E (hole-mass, wp = 15 pwm). Copyright/used with permission of/courtesy of Institute of

Physics and IOP Publishing Limited

This is because the hole mass offers lower beam resistance Rjand inductance L
compared to the solid mass. The isolation of the hole mass switch is slightly lower
than the solid mass switch since wider mass structure result in slightly larger open

capacitances, Cs.
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Fig. 2.34 Comparison between measured and fitted S-parameters of switch F (I, = 235 pum)

When sum (/;+l») and /3 are constant, a change in the length of the fixed
electrode, I, affects the RF performance due to the effect of the shunt coupling
capacitance, Cy. Figures 2.34 and 2.35 shows the comparison between the measured
and the fitted S-parameters of switch F (I = 235 pwm) and switch G (I = 350 pwm),
respectively. For both switches, sum (/1+/2) and /3 are 422 and 25 pm, respectively.
Figure 2.36 compares measured S-parameters between switch F and switch G. At
10 GHz, the insertion loss increases from 0.37 to 0.41 dB when [, increases from
235 to 350 wm, whereas the return loss increases from 21 to 22.7 dB. The isolations
of two switches change marginally. Theoretically, the resistance, R, should decrease
with l,. However, the resistance of switch G is 4.3 © at 10 GHz, which is larger
than switch F of 3.8 Q2. That is because of larger contact resistance of switch G. The
threshold voltage of switch G ([, = 350 pm) is 30 V and that of switch F (/; =
235 pm) is 23 V. Therefore, when 40 V bias voltage is applied, the contact force of
switch G is smaller than that of switch F, which results in higher contact resistance
of switch G. The parasitic capacitance at the on-state, Cgc, increases from 70 to 77 fF
when /5 increases from 235 to 350 pwm. The inductance decreases slightly with /.

2.4.3 Metal Coating Effect

The thickness of the metal coating affects the RF performance of lateral switches
since it determines the switch resistance. Figure 2.37a, b compares the measured
S-parameters of a single-beam switch with various thicknesses of Al coating at the
on-state and off-state, respectively. The Al thickness is 0.8 wm for switch H, 1.2 pm
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for switch A, and 1.5 pwm for switch I. At 10 GHz, the insertion loss decreases from
0.62 to 0.2 dB when the Al thickness increases from 0.8 to 1.5 wm. The main reason
is the reduction in the total resistance from 5 to 1.8 €2 due to thicker metal coating.
It is noted that the return loss of switch H with 0.8-pwm-thick Al coating is larger
than the other two switches with thicker metal coating. This is in contrast to the fact
that the return loss increases when the metal coating increases from 1.2 to 1.5 pm.
It is found that a shunt conductance G (3.5 x 107* S) is needed to add in the circuit
model of switch H to fit the measured S-parameters, but is unnecessary for the other
two switches. This indicates that when 0.8-wm-thick Al is coated, the metal on
sidewalls is too thin to isolate the silicon core effect. The device silicon layer works
as the substrate of the top metal strips, which causes larger parasitic capacitance
Cqc and more dielectric loss. Hence, the metal coating should be larger than 0.8 jum
for low loss. The insertion loss of the switch is decreasing with the metal thickness
significantly implying that the switch loss is dominated by the conductor loss. The
switch RF performance can be improved further by coating a thicker metal layer.

2.4.4 The Lateral Switch with a Separate Fixed Electrode

For the lateral switch design, the fixed electrode can be designed either as part of the
ground line (combined electrode) or as a separate part of the ground line (separate
electrode), as shown in Fig. 2.38. Figure 2.39 compares the measured S-parameters
between switch A (combined electrode) and switch D (separate electrode). It shows
that the switch with the separate electrode also works at high frequencies. Both
switches have an insertion loss of less than 1 dB and a return loss of more than 15
dB up to 25 GHz. However, the isolation of switch D is 14 dB at 25 GHz, whereas
the isolation of switch A is 21 dB at 25 GHz. The isolation of switch D is lower
than switch A by about 7 dB from 0.05 to 25 GHz. This is because switch D has
larger open capacitance, Cs, as shown in Table 2.5. The open capacitance of switch
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Ground

Fig. 2.38 SEM images of a lateral switch with separate fixed electrode. Copyright/used with
permission of/courtesy of Springer
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Fig. 2.39 Comparison of measured S-parameters between switch D (separate electrode) and
switch A (combined electrode)

D is 13.2 fF, whereas the open capacitance of switch A is 6.5 fF. From Fig. 2.38,
it is found that except the end of the cantilever beam, part of the signal line also
faces the input port in switch D, which increases the open capacitance. Therefore,
the isolation of switch D can be improved by using the cantilever beam alone as the
signal line of the switch. It is noted that the parasitic capacitance, Cgc, of switch D
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of 22.6 fF is less than switch A of 28 fF, although switch D has longer electrode
than switch A. This is because the parasitic capacitance of switch D is contributed
by two capacitors in series. One is between the cantilever beam and the separate
electrode. The other is between the separate electrode and the ground line.

2.5 Mechanical Measurements

2.5.1 Static behavior

Since the pull-in of the cantilever beam is sharp and sudden, the measurement of the
pull-in voltage can be easily performed at wafer level using the standard electrical
test equipment with a microscope.

Figure 2.40 shows the comparison of the measured and calculated threshold
voltages, Vi, of the switch with various original gap distances, gg, where /| =
220 pm, I = 210 pm, I3 = 10 pm, wi= 2.4 pm, wp = 5 pm, and wa; =
0 pm. The threshold voltage increases with gg. A 0.5-pum increase in go will increase
the threshold voltage by about 2.5 V. The effect of (I2/ (I + [3)) ratio on the threshold
voltage, Vi, is shown in Fig. 2.41. The threshold voltage, Vi, is 20 = 1 V when the
(l2/(l1 + Ip)) ratio is within the range of 30-75% before metal coating. Figure 2.41
also shows effects of metal coating on the threshold voltage. When a 0.63-pwm-thick
Al is coated on the sidewalls of the lateral switch, the threshold voltage of the switch
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Fig. 2.40 Comparison of measured and calculated threshold voltage Vi, of the lateral switch with
various go (/1 = 220 pm, [, = 210 pm, I3 = 10 pm, wi= 2.4 pum, wp = 5 pm, wa; = 0 pm).
Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing Limited
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Fig. 2.41 Measured and calculated Vi, with various (l2/(I1 + I»)) ratio with and without (w/o) Al
coating (/1 + b =430 wm, [z = 10 pm, wi= 2.4 pm, wp = 5 pm, gs; = 6 pm). Copyright/used
with permission of/courtesy of Institute of Physics and IOP Publishing Limited

increases by about 5 V. However, the measured results of the switch with 0.63-pm-
thick Al on the sidewalls do not fit so well to the calculation results compared to
the switch without Al coating. This may be because residual stress is introduced by
evaporated Al.

Figure 2.42 shows the comparison between the measured, calculated, and simu-
lated displacement results of the free end of a switch with 0.63-pum Al coated on the
sidewalls. The measurement procedures of the displacement of the free end of the
cantilever beam are as follows: First, the lateral switch is fixed on a probe station,
which has a microscope above it. A camera is connected to the microscope. Then,
two micro-probes connected to an external power source are put on the two elec-
trodes. After a bias voltage is applied, the camera takes a photo of the contact part
once the cantilever beam becomes stable. By comparing the photo at some specified
voltage with the photo at 0 V, the displacement of the free end of the cantilever beam
is calculated. It can be noted that the displacement of the free end of the cantilever
beam increases with the applied bias voltage. When the bias voltage increases to
23.3 'V, the cantilever beam is attracted to touch the contact tip rapidly. Therefore,
the threshold voltage of this switch is 23.3 V. The measurement result is consistent
with the calculated and the simulated results.

2.5.2 Dynamic Behavior

A lateral switch with [y = 275 pm, I, = 165 pum, I3 = 10 pm, wi= 2.4 pum,
wy =5 pm, wa] = 0.63 wm, gs;i = 6 wm, and ds; = 4 wm is tested and the results
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Fig. 2.42 Comparison of measured, calculated, and simulated displacement of the free end of the
cantilever beam with 0.63-pum-thick Al on sidewalls (I = 275 wm, [, = 165 pwm, /3 = 10 pum,
wi= 24 pum, wo = 5 pm, wa) = 0.63 um, go = 4.8 um, dp = 2.8 pm). Copyright/used with
permission of/courtesy of Institute of Physics and IOP Publishing Limited

are illustrated in Fig. 2.43. The driving voltage is 35 V. The upper waveform in
Fig. 2.43a, b is the square-wave driving signal while the lower waveform is the
responding waveform of the current through the switch on the series resistor. The
switching time is 35 s and the release time is 36 s.

2.5.3 Reliability of the Lateral Switch

Resistive switches usually fail due to an excessive increase in electrical contact
resistance. Generally failure occurs when the contact resistance is greater than 5 €2,
even though the cantilever beam remains deflecting and making contact. The study
includes both cold and hot switching lifetimes. The cold switching refers to open-
ing and closing the switch with zero RF signal level through the contact. The hot
switching refers to opening and closing the switch with a specified RF signal level
through the contact [23]. It is known that the lifetime of hot switching is shorter
compared to the lifetime of cold switching due to larger heat dissipation. The test-
ing results show that the cold switching lifetime of the lateral switch exceeds million
switching cycles as shown in Fig. 2.44. The insertion loss and the return loss of a
double-beam switch deteriorate by 0.1 and 1.5 dB at 10 GHz, respectively, after 1
million cold switching cycles. The isolation changes marginally. The hot switch-
ing lifetimes of these switches are quite poor. Generally, after tens of hot switching
cycles, the switch fails due to stiction of the cantilever beam to the contact bump.
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Fig. 2.43 The experimental results of switching time of a lateral switch: (a) the on-state of the
switch and (b) the off-state of the switch
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This is because the spring constant of these cantilever beam is too low (~1 N/m). To
solve this problem, the spring constant of the cantilever beam should be designed to
be >10 N/m [16].

2.6 Summary

Different types of lateral switches from 50 MHz to 25 GHz are presented in this
chapter. These include single-beam and double-beam switches, switches with part
of the ground line as a fixed electrode, and switches with separate fixed electrode.
All lateral switches are designed using Si-core CPW and an electrostatic cantilever
actuator. A high aspect ratio cantilever beam with beam mass structure is employed
as the actuation part of the lateral switch. The electronic design, the mechanical
design, and the circuit modeling of the lateral switch are presented. Comprehensive
modeling and design of the lateral switches are verified. The measurements show
that the optimized lateral switches have low insertion loss (<1 dB), high return loss,
and isolation (>20 dB) at 50 MHz to 25 GHz. The threshold voltage is less than
25 V. The switching speed is 35 ws. The RF lifetime is more than 1 million cold
switching cycles.
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Chapter 3
Capacitive Shunt Switches

The focus of this chapter is capacitive shunt switches. The reliability of the capac-
itive switch is mainly determined by stiction between the dielectric layer and the
metal layer, which is due to charge injection and charge trapping in the dielectric
layer. Power handling is another important concern for the applications of the capac-
itive switch. For the capacitive shunt switch, it is easier to handle less than 1 W RF
power for billions of cycles. A novel DC-contact capacitive shunt switch with large
down/up-state capacitance ratio and broadband is developed to avoid the down-state
capacitance degradation problem.

3.1 Broadband DC-Contact Capacitive Switch

3.1.1 Electromagnetic Design and Modeling

Figure 3.1 shows the schematic diagram of the DC-contact capacitive switch. In this
design, the dielectric layer is fabricated on the CPW ground planes instead of the
CPW center conductor. The metal bridge, the dielectric layers, and the CPW ground
planes consist of two metal—insulator-metal (MIM) capacitors in shunt connection.
This newly designed switch is referred to as dielectric-on-ground (DOG) switch.
It not only is innovative in terms of its unique design but also helps in solving the
capacitance degradation problem. The conventional capacitive switch is referred to
as dielectric-on-center conductor (DOC) switch.

Figure 3.2 shows the equivalent circuit of the switch. In the up-state position,
the switch capacitance CEOG is dominated by the parallel plate capacitance Cp,
between the metal bridge and the CPW center conductor; it is expressed as

DOG ~ €041 . €0A;
PG = = 2L~ 3.1)
g +1da/&r g
Aibin Yu and Ai Qun Liu
A.Q. Liu, RF MEMS Switches and Integrated Switching Circuits, 65
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Fig. 3.1 Schematic diagram of the DOG capacitive switch
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Fig. 3.2 Equivalent circuit of DOG switch

where A is the overlap area between the metal bridge and the CPW center conductor
and A] = wW, where w is the width of the metal bridge and W is the width of the
CPW center conductor.

In the down-state position, the DC contact between the metal bridge and the CPW
center conductor results in an RgL model in series with MIM capacitors. Therefore,
the down-state capacitance of the switch CEOG is dominated by the capacitance of
the MIM capacitor Cyv and is expressed as

E0E& A2
CPo% = Cvim = T (32)

where Ay = 2wWy is the total area of the MIM capacitor and Wy is the width of the
MIM capacitor.
Therefore, the capacitance ratio of this DOG switch is
P &g A A

= = 2. R—= 3.3
" CEOG tq4  Ap A 3-3)

where R = (&:g) /14 is the ideal capacitance ratio of the DOC switch.

According to Eq. (3.3), high capacitance ratio of the DOG switch can be obtained
by increasing A, / A, which gives a new degree of freedom to optimize the switch
design. As the down-state capacitance is determined by the MIM capacitor, the
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deformation of the metal bridge and the surface roughness do not affect on the
down-state capacitance value. As a result, the down-state capacitance degradation
problem is avoided [1-4]. This is one of the significant advantages of this DOG
switch.

Based on the circuit model as shown in Fig. 3.2, assuming that the transmission
line loss and the inductance of the switch are negligible, the insertion loss of the
switch is expressed as

27y

Sy = ——°
AT+ %

(34)

where Z, is the impedance of the metal bridge. When the inductance of the metal
bridge is ignored, Z;, is

J
Zy = R 35
b=Rp+ — C. (3.5
Substituting Eq. (3.5) into Eq. (3.4), we get
4 (R? + 1/(wCy)?
1S211> = (&, W) (3.6)

2Ry + Z0)* + 4/ (wCy)?

where Ry, is the resistance of the metal bridge, w is the angular frequency, and Cy is
the up-state capacitance of the switch which can be expressed as

A
C £

=———— +C (3.7
! 80+ td/er

where C is the fringing field capacitance which is approximately 30% of the parallel
plate capacitance between the metal bridge and the CPW center conductor. The item
tq/¢&r is ignored since it is much smaller than gg.

The capacitive switch is shown in Fig. 3.1 with design dimensions listed in
Table 3.1, normally R, < 10 €2 and C, < 100 fF, then 1/ wCy >> Ry till 100 GHz.

Table 3.1 Design parameters of the DOG capacitive switch

Design parameters Values
Width of the metal bridge, w (jum) 100
Length of the metal bridge, / (um) 400
Area of MIM capacitor, A (wm?) 200 x 200
Width of the center conductor of CPW, S (jum) 200
Slot width of CPW, W (jum) 100
Initial height of the metal bridge, g (jLm) 2
Thickness of the metal bridge, #, (jLm) 0.6
Space between bridge anchor and lower DC pad, /1 (um) 10
Width of the lower DC pad, d (um) 80
Thickness of the dielectric layer, 74 (jum) 0.15

Dielectric constant of SiN 7
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Fig. 3.3 Insertion loss changes with up-state capacitance and resistance (a) 5 GHz; (b) 20 GHz;
and (c¢) 40 GHz

Figure 3.3 shows how the insertion loss S»; (in dB) changes with Ry, and C, at 5, 20,
and 40 GHz. It is observed that the insertion loss increases with C, and R,. When
the impedance of the metal bridge in the up-state is 10 times lower than Ry, the S
is no longer sensitive to the variation in R}, and can be kept smaller than 0.2 dB.

In the down-state position of the switch, the RF performance can also be analyzed
in the same way as that of the DOC switch. However, it should be noted that in the
DOG switch, as the contact between the metal bridge and the CPW center conductor
becomes DC contact, the down-state resistance R includes both the metal bridge
resistance and the contact resistance, which value is around 0.5-2 2 for most of the
design and limits the highest isolation to 22—-34 dB. The contact resistance depends
on the size of the contact area, the mechanical force applied, and the quality of the
metal-to-metal contact.

The impedance of the metal bridge at the down-state Zy, is expressed as

) 1
Zy = Ry +J (a)L — WJDOG) (38)

Figure 3.4a shows that the isolation changes with the down-state resistance Rj
and the frequency. The down-state capacitance and inductance are assumed to be 31
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Fig. 3.4 Variation of down-state isolation: (a) frequency versus resistance and (b) frequency

versus down-state inductance [5]. Copyright/used with permission of/courtesy of Elsevier B.V

The peak of the isolation can be seen clearly at the LC

pF and 5 pH, respectively.

< 0.5 Q. The highest isolation can be

= 12.4 GHz when Ry

resonant frequency fo

expressed as

(3.9)

2R,
Zy

$21

the isolation changes a little with frequency /> 10 GHz and its

>

When Ry > 0.8 @

value is mainly determined by the inductance of the switch.

Figure 3.4b shows the isolation changes with the inductance L and the frequency

f- The down-state capacitance and the resistance are assumed to be 31 pF and 1 €,
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respectively. The isolation increases quickly when the inductance is larger than 5
pH and the frequency is higher than 10 GHz.

Combining (a) and (b) of Fig. 3.4, it is noted that to achieve at least 20 dB iso-
lation until 40 GHz, the inductance should be lower than 10 pH and the resistance
should be lower than 2 2. Smaller inductance is also helpful to increase the isolation
in high frequency range.

Figure 3.5 shows the simulated current distribution of the switch in the down-
state using high-frequency structure simulator (HFSS) software from Ansoft. When
the metal bridge is in the down-state, the front edges of the metal bridge that are over
the CPW slot act as short paths from the center conductor to the ground. Therefore,
the current in the metal bridge is mainly concentrated on the front edges of the metal
bridge that are over the CPW slot. This is the same as that in the DOC shunt switch.
This implies that for the DOG shunt switch, the down-state inductance is also mainly
determined by the portion of the metal bridge over the CPW slots. Therefore, when
the dimensions of the CPW slot are reduced, the inductance of the switch can also
be reduced.
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Fig. 3.5 Simulated current distribution of the DOG switch at the down-state: width of bridge
w = 100 pm; width of CPW = 100/200/100 pm

3.1.2 Mechanical Design

Figure 3.1 shows the schematic cross section of the DOG switch. The lower DC
pads are positioned under the two edges of the metal bridge. The effective spring
constant of the metal bridge can be expressed as

kett = K + K" (3.10)
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where K’ is the stiffness of the bridge which accounts for the material characteristics,
such as Young’s modulus E and the moment of inertia I. kK’ is the stiffness of the
bridge which is due to the residual stress o ¢ within the metal bridge [6].

Suppose that £ is the force per unit length, the displacement y of point P can be
thought as the total deflection caused by a number of small concentrate force & - ds
on a small portion of the beam, where ds is a small portion of the beam which is
with distance s from the support. As the structure is symmetrical, only half of the
force effect is calculated and the entire deflection y is twice as large. Therefore, as

2
EI2} =My +Rax, x<s
.X:O, yl :O (311)
x=0, o _

dx
and

EI% =My + Rax — Eds(x — ), x>a

—7 D2 _
x=1I 7 =0

and with the continuous condition

yi(s) = ya(s) 113
dyi(s) __ dys(s) (.13)
dx . dx

where [ is the length of the metal bridge, M4 (N m) and R4 (N) are the reaction
moment and the vertical reaction at the left end, respectively. I = wr’/ 12 is the
moment of inertia for a rectangular cross section, where w and ¢ are the width and
thickness of the metal bridge, respectively; the deflection function can be expressed
as

Msz RA)C3

= —_ < 3.14
M= 0mr T eE r=3 3-19)
MAx2 RAx3
- far < 3.15
W= Yerrr Y50 (-15)
Myx> n Rux® & ds(x — 5)3 - (3.16)
= — , x> .
V2= 8 T eEl 6EI
d
My—_° 5 S5 —s)? (3.17)
-d
Ri= % 02t (3.18)

B
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Fig. 3.6 Fixed-fixed beam with distributed load at the ends of the beam

For the deflection of the center part of the beam, the deflection of the beam at
the center is used to determine the spring constant. Combining Egs. (3.14), (3.15),
(3.16), (3.17), and (3.18), when the load is distributed across the width of the elec-
trode as shown in Fig. 3.6, the deflection at the center point of the beam (x = 1/2)
can be derived as

I +d

y=2 / y2(l/2)

I8

L+d

_x M)ds (3.19)
E 48
I
£d
= s+ DI+ + R = 1t + 7 +1, (1 + D) + 11

The spring constant X’ at the center can be found to be

2 1
V= -2 _4pwp - - —
y h+d +L L +d)+1]—-QCh+d)[ +d) + 4]

(3.20)

The part of the spring constant which is caused by the biaxial residual stress
within the beam is derived from modeling the beam as a stretched wire. It is noted
that this model only applies for tensile stress. The force associated with biaxial
residual stress, o, can be expressed as

S = og(1 — v)tw (3.21)

where v is Poisson’s ratio.
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Fig. 3.7 Deflection of the fixed—fixed beam

For the load on the beam as shown in Fig. 3.7, the deflection that results from the
residual stress at x can be expressed as

cds (1 —
y1 = sS—(S)x, x<s (3.22)
N
Ea-ds
=" (l=x), x=s (3.23)

Therefore, the total deflection for the distributed load that caused by the residual
stress at the center point of the beam can be expressed as
L+d

d
y=2 / »(/2) = i—S(Zh +d) (3.24)
h

From Eq. (3.24), the spring constant kK’ that due to the residual stress can be
expressed as

28d 48 1

po= 24 _ — doo(1 — vyt (3.25)

y 2l +d 2l +d

When [} = %l and d = L1, from Egs. (3.20) and (3.25), then
K = 32Ew (5)3 z (3.26)
- 17\ 49 '
"o _ f i
K = 8ao(1 — v)w (1> <5> (3.27)
As a result, the force equation of the metal bridge can be written as
2d

2owiZd) V2 — kefty — kpy® = 0 (3.28)

2(g0 — »)?
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where kp is the stretching stiffness. Based on the strain stiffening effect, kp can be
expressed as

7 Ewt

ko = 22
SERFYE

(3.29)

Figure 3.8 shows the variation of k', kK”, and kegr with /;. It can be seen that the
longer the length /1, the smaller the stiffness. This is because when /| increases,
the load is closer to the center of the metal bridge. As a result, it needs smaller
electrostatic force to drive down the metal bridge.

30
25 |\
20

15

Stiffness (N/m)

10

0 20 40 60 80 100 120
h (m)

Fig. 3.8 Variation of stiffness versus different edge distances /;

Figure 3.9 shows the calculated metal bridge height versus the applied voltage
for different /1s. As expected, the pull-down voltage decreases when /; increases.
When /1 = 10 wm, the pull-down voltage is 19.2 V with 27 MPa stress in the metal
bridge.

3.1.3 Experimental Results and Discussions

The DOG switch is fabricated using the surface micromachining process.
Figure 3.10 shows the SEM image of the fabricated DOG switch. In this design, the
driven-down DC pad is separated with the grounds, which can reduce the possibility
of stiction when the metal bridge is driven down. It also reduces the breakdown of
the dielectric layer.

Figure 3.11a shows the measurement results for the DOG switch. In the up-
state position of the bridge, the extracted up-state capacitance CuDeOGis 90 fF at
10 GHz while the calculated up-state capacitance CEOG is 80 fF. The reason for the
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Fig. 3.10 SEM image of DOG switch on high-resistivity silicon substrate

difference between Cye and Cygq is due to the fringing field effect. The insertion loss
is 0.9 dB at 20 GHz and 2 dB at 40 dB. According to Eq. (3.6) and Fig. 3.3, when
the up-state capacitance is 90 fF, insertion loss is 0.7 and 1.9 dB at 20 and 40 GHz,
respectively.

Figure 3.12b shows the down-state RF performance. In the down-state position,
the isolation is higher than 10 dB from 2 to 40 GHz and the highest isolation is 28 dB
at 6.5 GHz. The extracted down-state capacitance CdDeOG is 30 pF and the calculated
down-state capacitance CdDOG is 33 pF. The small difference between the extracted
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Fig. 3.11 Measurement and curve-fitted results of DOG switch using high-resistivity silicon
substrate

value and the calculated value can be attributed to the fabrication and measure-
ment error. Therefore, the down-state capacitance degradation can be avoided for
the DOG switch. The experimental capacitance ratio is 330, which is much larger
than that of the DOC switch. This is the highest capacitance ratio obtained so far

Dimple Metal Bridge
/.

Fig. 3.12 Schematic diagram
of the DOG capacitive
switch: (a) 3D view; (b) top
view; and (¢) cross section
[5]. Copyright/used with
permission of/courtesy of
Elsevier B.V
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except the one using very high dielectric constant materials for the dielectric layer.
The inductance can be extracted from the down-state capacitance and the resonant
frequency as 28 pH. The series resistance can be extracted from the isolation at the
resonant frequency as 1.2 Q.

3.2 DOG Switch on Low-Resistivity Silicon Substrate

Another problem reported in most capacitance shunt switches is that these switches
are fabricated on low loss substrates, such as high-resistivity silicon wafer, glass,
or quartz wafers, or to use wafer transfer technique to reduce substrate loss. The
shortcoming of the high-resistivity silicon, glass, or quartz wafers is high cost. The
use of wafer transfer technique adds complexity to the fabrication process.

It is interesting to note that since the MIM capacitor is defined on the ground
planes of the CPW transmission line, the width of the CPW slots can be reduced to
20 pm or narrower while the characteristic impedance Zy of the CPW transmission
line can still be maintained at 50 2 by properly selecting the width of the center con-
ductor. The narrow slots and the center conductor do not have problem in obtaining
large down-state capacitance since the MIM capacitor is fabricated on the ground
planes. Therefore, the switch can be fabricated on a low-resistivity silicon substrate.
This is another advantage of the DOG switch [5, 7].

When a low-resistivity silicon substrate is used, a thick isolation layer (silicon
dioxide or polyimide) is coated on the surface of low-resistivity silicon substrate
to reduce the substrate loss. When the slot width of the CPW transmission line is
narrower than the thickness of the isolation layer, the insertion loss of the CPW
transmission line is comparable to that of the CPW transmission line fabricated on
high-resistivity silicon substrate [8]. With this strategy, the slot width of the CPW
line is designed to be smaller than 20 pm.

Consequently, the center conductor of the CPW is approximately 50-pm wide in
order to obtain 50-2 characteristic impedance. For a typical capacitive switch, the
down-state capacitance is limited by the width of the center conductor. However,
when the dielectric layer is shifted onto the ground planes of CPW line, this
limitation vanishes.

Figure 3.12 shows schematic drawing of the DOG switch fabricated on a low-
resistivity silicon substrate. The dimples are used to avoid the stiction between the
metal bridge and the low DC pad. All the design parameters are listed in Table 3.2.
Most of the dimensions are similar to the DOG switch fabricated on high-resistivity
silicon substrate, as listed in Table 3.1.

When a thick layer of SiO; or polyimide is coated on the silicon sub-
strate, a 50-Q2 CPW transmission line can be designed based on the following
equations [9]:

30 K(kf))
A/ Eeff K (ko)

Zy =

(3.30)

=
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Table 3.2 Design parameters of DOG capacitive switch on low-resistivity silicon substrate

Design parameters Values
Width of the metal bridge, w (jum) 150

Area of MIM capacitor, A (umz) 150 x 250
Width of the center conductor of CPW, S (um) 50

Slot width of CPW, W (ium) 10

Initial height of the metal bridge, go (L m) 2
Thickness of the metal bridge, #, (jLm) 1.2

Height between the bridge and CPW ground, Wy (ium) 165
Thickness of the dielectric layer, #q (jum) 0.15
Dielectric constant of SiN 7

where

et — LK (k) K (k) e — e K (ko) K (k)

o = 1 3.31
elt 2 K (K) K (ko) 2 K (k) K (ko) 63D
S
ko = STaw (3.32a)
sinh[w S/4(t1 + 12)]

— 32
k=G (TS +2W)] /411 + 12)) (3-320)
ky = — sinh(zS/4t>) (3.32¢)

sinh {[7r (S + 2 W)] /415}

K o=/1-k, n=012 (3.32d)

where K is the first kind complete elliptic integrates, e.fr is the effective dielectric
constant, Zy is the characteristic impedance, ;1 is the dielectric constant of silicon
and is equal to 11.9, and ¢y, is the dielectric constant of SiO; and is equal to 4.1.
t1 and 1, are the thickness of the silicon substrate and SiO», respectively.

Figure 3.13a, b is the calculated characteristic impedance and the effective dielec-
tric constant of the CPW transmission line fabricated on the low-resistivity silicon
substrate with an 18-pm-thick SiO; isolation layer. The dielectric constants of the
silicon and SiO; are 11.9 and 4.6, respectively.

Based on Egs. (3.30), (3.31), and (3.32) and Fig. 3.13, the dimensions of the
CPW transmission line are W/S/W = 10/50/10 pm. An 18-pm-thick SiO; layer is
deposited on the substrate as an isolation layer.

The deposition is processed using NOVELLUS PECVD machine and the depo-
sition parameters are listed in Table 3.3. The residual stress is controlled to be below
40 MPa. The SEM image of the DOG switch is shown in Fig. 3.14.

Figure 3.15 shows the simulated current distribution of the switch in the down-
state using the HFSS software from Ansoft Co. The current is mainly concentrated
on the front edge of the metal bridge portion that is over the CPW slots in the down
state. This implies that the down-state inductance is also mainly determined by the
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Fig. 3.13 Calculated €¢r and Z o of a CPW on low-resistivity silicon. (The thickness of SiO» layer
is 18 jum)

Table 3.3 USG deposition

parameters Parameters Value
N;O gas (sccm) 300
SiHy4 gas (sccm) 9500
Carrier gas Nj (sccm) 50
RF power (W) 800
Pressure (Torr) 2.2
Temperature (°C) 400
Deposition time (min) 36

Dimples

Fig. 3.14 SEM image of DOG switch on low-resistivity silicon substrate [5]. Copyright/used with
permission of/courtesy of Elsevier B.V
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Fig. 3.15 Simulated current distribution of the DOG switch at the down state on low-resistivity
silicon substrate (width of bridge w = 100 pwm; CPW W/S/W = 10/50/10 pm)
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Fig. 3.16 Measurement and curve-fitted results: (a) up state and (b) down state. Copyright/used
with permission of/courtesy of Elsevier B.V

portion of the metal bridge over the CPW slots. Therefore, when the dimensions of
the CPW slot are reduced, the inductance of the switch can also be reduced.

Figure 3.16 a shows the measured and the curve-fitted results of the switch in the
up state. The extracted up-state capacitance is 30 fF and the insertion loss is lower
than 1.2 dB up to 40 GHz. Figure 3.17 shows the measured insertion loss of the
CPW transmission lines (with 700-pwm long). It is observed that the loss varies from
0.15 to 0.3 dB when the frequency is lower than 40 GHz. Therefore, the insertion
loss of the DOG switch on the low-resistivity silicon wafer is the same as that of the
DOG switch on high-resistivity silicon wafer.

When comparing the insertion losses of the two DOG switches, the DOG switch
on low-resistivity silicon wafer has smaller insertion loss, because its up-state capac-
itance is smaller compared to that of the DOG switch on high-resistivity silicon
wafer.

Figure 3.16b shows the measured and the curve-fitted results in the down-state
position. It is observed that the isolation is 13 dB at 1 GHz, 26 dB at 20 GHz,
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Fig. 3.17 Insertion loss of
CPW transmission line
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and 27 dB at 40 GHz. The extracted down-state capacitance is 30 pF at 1 GHz.
The designed down-state capacitance is 31 pF. The small difference between the
extracted value and the calculated value can be attributed to the fabrication and
measurement error. Therefore, it can be concluded that the down-state capacitance
degradation can be avoided in the design of the DOG switch. In addition, based on
the experimental results, the capacitance ratio of the DOG switch is 1000, which is
much larger than that of the DOC switch of 150 at most. The extracted down-state
resistance and inductance are 1.3 2 and 2 pH, respectively. The RF performances
and the extracted RLC values for this DOG switch are listed in Table 3.4.

Table 3.4 RF characteristics of the DOG switch on low-resistivity silicon wafer

Up state Down state

1GHz 20GHz 40GHz 1GHz 20GHz 40GHz

S11(dB) 30 29 19 1.2 0.9 0.8
S21 (dB) 0.2 0.5 1.2 13 26 27

3.3 Summary

In this chapter, design of the CPW transmission line and the DC-contact capacitive
switches are presented. For the DC-contact capacitive switch, the dielectric layer is
patterned on the ground planes of the CPW transmission line. Therefore, the down-
state capacitance of this switch is not related to the overlap area between the metal
bridge and the center conductor. The issue of the down-state capacitance degra-
dation is solved and the down-state capacitance of 30 pF is obtained. As a result,
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the isolation of the DC-contact capacitive switch is higher than 15 dB from 2 to
40 GHz. The switch can be fabricated on the low-resistivity silicon wafer where the
width of the CPW slot is only 18 pm. Therefore, using the low-resistivity silicon
wafer reduces not only the cost of the substrate but also the inductance of the switch,
which provides higher isolation in the frequency band above 10 GHz. The capaci-
tance ratio of the switch is 1000 and small inductance implies that the isolation of
the DOG switch can be kept higher than 20 dB till 40 GHz.
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Chapter 4
Coplanar Waveguide Transmission Line

The objective of this chapter is to investigate silicon-core (Si-core) metal-coated
coplanar waveguide transmission (CPW) line [1]. The Si-core CPW is designed,
fabricated, and experimented. Then, attenuation related to different substrate materi-
als, core materials, and fabrication processes are analyzed. The experimental results
show that the Si-core CPW supports quasi-TEM mode propagation up to 25 GHz
with attenuation less than 4 dB/cm.

4.1 Design of the Si-Core CPW

The geometry of the Si-core CPW is similar to the conventional thin film CPW as
shown in Fig. 4.1. It consists of three parallel plate waveguides. In this structure,
each waveguide of the Si-core CPW is formed from a single-crystal silicon plate
with thickness of 35-75 pm which is coated with a thin layer of metal on the top
and sidewalls. RF signal can then propagate along the metal on the top surface and
also along sidewalls of the transmission line. The core material can either be low-
resistivity silicon (p < 10 Q cm) or high-resistivity silicon (p > 1000 €2 cm). The
substrate can be either Si on glass (SiOG) or high-resistivity silicon in silicon on
insulator (SOI). The recesses formed in the substrate under waveguides serve three
purposes: (1) to help the release of movable structures in the RF MEMS circuits; (2)
to avoid metal connection to short circuit after metal coating; and (3) to reduce the
dielectric loss of the transmission line.

The characteristic impedance of CPW depends significantly on its geometrical
parameters, including the center conductor width, S, the ground width, G, and the
conductor separation, W, and the substrate material properties, such as the substrate
thickness, H, and the relative permittivity, ;. In the Si-core CPW, other process
parameters also affect the characteristic impedance. These include the thickness, T,
and the resistivity, p, of the core material, the depth of the recesses, A, the undercut
width, wy, the thickness of the metal on the top, #, and at sidewalls, f.
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Fig. 4.1 Schematic Metal
cross-sectional view of the Substrate, <,
CPW. Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

(a) Conventional CPW

Substrate, ¢,

(b) Si-core CPW

The design of the Si-core CPW involves three steps. First, based on the process
requirements, some parameter values are determined such that the thickness of the
glass substrate H = 500 pm, the permittivity of the glass substrate ¢, = 4.6, the
thickness of the silicon core T = 50-80 pm, and the recess parameters w, = 1.6A;
to 1.8h;. To accommodate 150-pm-pitch ground—signal-ground coplanar probes,
the distance between the two ground lines (S + 2W) is 200 wm and the ground
line width, G, falls within the range of 100—400 wm. Second, the characteristic
impedance, Zy, for the normal finite CPW [2] can be expressed as

407 K (ky)
Zy = 4.1
0= T=% « (4.1a)

~—

where

_ er—1 K (k) K (ky) T Kk T K(k) T K(ki)
e = 1+ S ey [+ S ks + vk 12+ drks) @D

B S+2W+ZG\/ (S+2W)* — S

“= 2 (4.1c)
S+2W \ (S+2W+26)? -2
sinh [W] sinh [%;W)] — sinh (%)
ky = sinh [M] sinh [W] _ sinh (n_5> (4.1d)
aH — z

Ko=Jl—k, n=12 (4.1e)

where K is the complete elliptic integrals of the first kind and e is the effective
relative permittivity. The center conductor width, S, and the conductor separation,
W, can be used to determine the required characteristic impedance. The dimension
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values of the center conductor width, S, the ground width, G, and the conductor sep-
aration, W, can be determined using three-dimensional (3D) finite-element method
(FEM) simulation.

Figure 4.2a shows the electric field (E-field) distribution of the Si-core CPW
at 20 GHz. The electric field radiates from the center signal conductor to the two
ground conductors. The dominant mode of the transmission line is quasi-transverse
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Fig. 4.2 (a) Vector E-field distribution and (b) characteristic impedance of the Si-core CPW
(S/WIG = 110/45/300 wm, hy = 12 pm, wy = 20 wm). Copyright/used with permission of/courtesy
of Institute of Physics and IOP Publishing Limited
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electromagnetic (TEM) mode, which is similar to the conventional thin film CPW
transmission line. It is found that there is strong penetration of the E-field into the
substrate and the silicon core. Therefore, the material properties of the substrate
and the core have significant effects on the performance of the Si-core CPW. The
simulated characteristic impedance versus frequency of a Si-core CPW is shown in
Fig. 4.2b. The characteristic impedance of this Si-core CPW is 51.3-52 ©Q when
the dimension values of CPW S/W/G are equal to 110/45/300 pm, A, = 12 pm,
wr = 20 pm, T = 50 pm, H = 500 wm, &y = 4.6, t, = 1 wm, and t;, = 0.5 um,
respectively. The characteristic impedance decreases with frequency slowly.

4.2 Losses of the Si-Core CPW

The attenuation, «, is an important characteristic indicating the efficiency of the
coplanar lines’ transmit power. The attenuation of the Si-core CPW consists of three
losses, namely conductor loss, «., dielectric loss, «q, and radiation loss, o;.

4.2.1 Conductor Loss

The conductor loss, «., resulting from the finite conductivity of the metal, in Np/cm
is given by

R

Q¢

where R is the unit resistance of the transmission line. Therefore, the conductor
loss is determined by the line unit resistance and the characteristic impedance.
Decreasing the line unit resistance or increasing the line characteristic impedance
can reduce the conductor loss. Figure 4.3 shows the conductor loss, «, as a function
of the transmission line unit resistance, R, under different characteristic impedances,
Zo. When Zy = 50 Q and R = 40 Q/cm, the conductor loss is 3.5 dB/cm. When Z
decreases to 42 €2, the conductor loss increases to 4.1 dB/cm.

In the Si-core CPW, the transmission line unit resistance, R, is determined by the
metal resistance of the signal line, Ry 1, and ground lines, Ry . They are expressed
as

1 .
Rsde = soiTsas) (lfRs(f) = Rs,dc)
Rym = (4.3a)
1 .
Rs(f) = USS[QT(I—e7’S/SS)+S(1_€7“/85] (lfRs(f) > Rs, dC)

1 .
Rede = FoiTra0) (if Re(f) < Rg.ac)
Rgm = 1 (4.3b)
Rg(f) = 085[27"(1*6_15/55)4‘6(1*6_“/55] (lng(f) > Rg,dc)
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Fig. 4.3 Conductor loss with respect to different line unit series resistances and characteristic
impedances

where T and S are the thickness and the width of the signal line; #; and f are the metal
thickness on the top and sidewalls of the transmission line, as shown in Fig. 4.1b; o
is the conductivity of the metal and §; is the skin depth, which is determined by Eq.
(2.5). At low-frequency range, the resistance is determined by the DC resistance,
Rs.dc and Rg,qc. However, when the frequency increases, the current is crowded
outside the surface of the conductor. The line resistance is determined by the R(f)
and R, (f) at high-frequency range.

4.2.2 Dielectric Loss

The dielectric loss, «g, is due to the displacement current in the guiding medium of
the transmission line. The dielectric loss, aq, in Np/cm is given by [3]

1 I0EOEr tan § 1
ag = ~GZy = @y Hofoértano - 1 (4.42)
2 2 100

where tan § is the loss tangent of the guiding medium. The loss tangent specifies the
lossy nature of the dielectric material and is defined as

a4
WEQEL

tand =

(4.4b)

where o4 is the electrical conductivity of the dielectric material. Table 4.1 provides
the material properties of four dielectric materials used in this study and their dielec-
tric loss at 20 GHz. The dielectric loss is air, glass, high-resistivity silicon (HRS1),
and low-resistivity silicon (LRSi).
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Table 4.1 Dielectric properties of the fabrication materials

Material &r tan § o4 (S/m) g (dB/cm)
Glass 4.6 0.003 - 0.12
HRSi 11.9 - 0.05 0.24
LRSi 11.9 - 100 474.30
Air 1.0 0 - 0
Fig. 4.4 Conductor loss with 8 T T T T T
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Figure 4.4 shows the dielectric loss, g, as a function of the unit shunt conduc-
tance, G, with the characteristic impedance, Zy, as a parameter. The dielectric loss
increases with the unit conductance and the characteristic impedance. When Zy =
50  and G = 0.005 S/cm, the dielectric loss is 1.08 dB/cm. When G increases to
0.02 S/cm, the dielectric loss increases to 4.34 dB/cm.

4.2.3 Radiation Loss

In addition to the conductor loss and the dielectric loss, radiation from unwanted
parasitic modes and coupling of power to surface waves contribute to radiation loss,
ar. The parasitic mode in the CPW is the odd mode with anti-phase voltages in the
two slots, which is excited at the discontinuities. Radiation from this mode can be
minimized by maintaining the symmetrical structure of the circuits and avoiding
its excitation by using air bridges or bond wires at periodic intervals. For the CPW
with a finite substrate thickness, the surface wave modes of the substrate are also
responsible for the leakage. Surface waves are the guided modes of a dielectric slab
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with finite thickness. Excitation of surface modes depends on the polarizations and
symmetries of the transmission line.

Figure 4.5 shows the radiation loss, o, as a function of frequency, f, with the sub-
strate permittivity, &, as a parameter. In this scenario, H = 500 pm, S = 110 pum,
W =45 pum, and G = 300 wm. It shows that the radiation loss is substantially
affected by the permittivity of the substrate at high-frequency range. The higher the
permittivity, the faster the increase of radiation loss with frequency. For instance,
when ¢ = 4.6 (glass) at 40 GHz, the radiation loss of the substrate is 0.006 dB/cm.
When &, = 11.9, the radiation loss of the substrate increases to 0.046 dB/cm.
However, compared with the conductor loss and the dielectric loss, the radiation
loss is negligible when frequency is below 40 GHz. The radiation losses dominate
for frequencies over 200 GHz for coplanar lines with dimensions of the order of a
few tens of microns, as demonstrated in the experiments [4].
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Fig. 4.5 Radiation loss curves with respect to different frequencies and substrate permittivities

4.3 Effect of Material Properties and Fabrication Processes
Factors affecting the RF properties of the Si-core CPW are studied in this section.

These factors include the substrate material, the core material, and the fabrication
process.

4.3.1 Effect of Different Substrate Materials

Figure 4.6 shows the simulation results of the Si-core CPW on glass and on high-
resistivity silicon substrate. The core material is the low-resistivity silicon with



90 4 Coplanar Waveguide Transmission Line

6 0.030

5 = 0.025

0.020

5 0.015

0.010

Attenuation, o (dB/cm)
w
Conductance, G (S/cm)

0.005
» [— o [
04 0.000 :
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Frequency (GHz) Frequency (GHz)
(a) (b)

Fig. 4.6 Comparison of simulation results between the Si-core CPW on glass and HRSi substrate
(S/WIG = 110/45/300 wm, iy = 12 wm, and w; = 20 pm, LRSI core): (a) attenuation and (b) shunt
conductance G

o = 1 Qcm . The attenuation, «, and the shunt conductance, G, are determined by
S-parameters, since the substrate is the main contributory factor to the dielectric loss
through the shunt conductance, G. Figure 4.6a shows that a 50-Q2 Si-core CPW on
the glass substrate has lower attenuation. According to the analysis in Section 4.2.2,
the conductance, G, of the high-resistivity silicon is larger than the glass. When
the frequency increases, the shunt conductance, G, on the HRSi substrate increases
faster than the glass substrate as shown in Fig. 4.6b.

4.3.2 Effect of Different Core Materials

The effect of the core material is shown in Fig. 4.7. In the simulation models, the
substrate is 500-wm-thick glass. S/W/G are 110/45/300 wm. A, wy, and T are 12, 20,
and 50 pm, respectively. The characteristic impedance, Zy, increases slightly from
48 to 50 €2 when the core material changes from the low-resistivity silicon to the
high-resistivity silicon. The LRSi-core CPW has higher attenuation than the HRSi-
core CPW. This difference becomes larger when the frequency increases.

The RLGC parameters of the Si-core CPW transmission lines have been extracted
and compared in Fig. 4.8. Figure 4.8a shows that when the core resistivity of the
Si-core CPW increases, the unit inductance, L, increases by only a small amount
and the unit capacitance, C, decreases by only a small amount. Therefore, the char-
acteristic impedance which is determined by +/L/C at high frequencies (>5 GHz)
increases. The unit resistance, R, of the LRSi-core CPW is slightly lower than the
HRSi-core CPW when the frequency is below 3 GHz as shown in Fig. 4.8b. The
shunt conductance, G, of the LRSi-core CPW is significantly larger than that of the
HRSi-core CPW, especially at high frequencies. This results in higher dielectric loss
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Fig. 4.7 Comparison of the RF properties of Si-core CPW with different core resistivities
(S/WIG = 110/45/300 wm, h; = 12 pwm, and wy = 20 pm). Copyright/used with permission
of/courtesy of Institute of Physics and IOP Publishing Limited

for LRSi-core CPW than HRSi-core CPW. Therefore, the attenuation of LRSi-core
CPW is larger than the HRSi-core CPW.

4.3.3 Effect of Different Fabrication Processes

Besides the geometrical dimensions, the types of the substrate material, and the core
material, the RF properties of the Si-core CPW are also affected by the variation
in fabrication process. These include the thickness of the transmission line, 7, the
etching depth of the glass recesses, /;, and the undercut width, w;, as shown in
Fig. 4.9.

The characteristic impedance, Zy, of the Si-core CPW is reduced from 55 to
44 Q when the transmission line thickness, 7, increases from 50 to 80 pm, as
shown in Fig. 4.10a. This is because when the line unit capacitance, C, increases the
characteristic impedance reduces. Figure 4.10b shows that the attenuation slightly
decreases with an increase in the conductor thickness. This is because the sur-
face current is distributed in the larger area, which leads to the lower conductor
loss.

Figure 4.11a, b shows that when the substrate is etched more, with larger w;
and Ay, the characteristic impedance of the Si-core CPW increases from 47.6 to
51.4 ©, and the attenuation decreases slightly. This is because when the connec-
tion of the conductor to the substrate is smaller, there is smaller wave penetration
into the substrate, which leads to smaller unit capacitance and smaller dielectric
loss.
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Fig. 4.9 Schematic of cross-sectional view of the Si-core CPW transmission line



4.3 Effect of Material Properties and Fabrication Processes 93

60.0

57.5

55.0

52.5

50.0

47.5

45.0 o Necizt .

Characteristic impedance, Z; ()

42.5

40.0 - - - r r r r r
0 5 10 15 20 25 30 35 40
Frequency (GHz)

(a) Characteristic impedance

2.0

1.8

1.6 | = m e T=60
1.4 1 2

1.2 =

1.0 %

0.8
] o

Attenuation, o (dB/cm)

06 =
0.4 =

0.0

0 5 10 15 20 25 30 35 40
Frequency (GHz)
(b) Attenuation

Fig. 4.10 Simulation results of HRSi-core CPWs with various conductor thicknesses, T (S/W/G =
110/45/300 pm)

The characteristic impedance of the Si-core CPW is significantly affected
by the variation in the fabrication process. Therefore, the process control is
important for the RF properties of the Si-core CPW, in particular the char-
acteristic impedance, which determines the impedance matching of the RF
circuits.
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Fig. 4.11 Simulation results of HRSi-core CPWs with various undercut dimensions (S/W/G =
110/45/300 pm). Copyright/used with permission of/courtesy of Institute of Physics and IOP
Publishing Limited

4.4 Experimental Results and Discussions

The RF responses of the Si-core CPW are measured using the HP 8510C Vector
Network Analyzer with tungsten-tip 150-pm-pitch Cascade Microtech ground—
signal-ground coplanar probes. The system is calibrated using the standard short-
open-load-through (SOLT) on-wafer calibration technique. A 5-mm plastic plate is
placed between the probe chuck and the sample to remove higher order modes of
propagation. All experiments are performed in the room environment without any
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Fig. 4.12 SEM image of a
1-mm-long Si-core CPW
transmission line

packaging. A SEM image of a Si-core CPW coated with 1-pum-thick gold (Au) is
shown in Fig. 4.12. The thickness of the transmission line, 7, is 62 pwm and the
length, L, is I mm.

4.4.1 Comparison Between Simulation Results
and Measurement Results

Figure 4.13 shows the measurement results with the post-simulation results of a
1-mm-long HRSi-core CPW on glass. The S/W/G are 110/45/400 p.m, respectively.
The thickness of the transmission line is 62 pm. The glass cavity parameters, /, and
wr, are about 6 and 10 wm, respectively. In the post-simulation model of HFSS, all
geometrical parameters are set based on the experimental values. For example, the
metal layer spread on glass has a thickness of 1 wm on the top and 0.3 um on the
sidewalls. Figure 4.13 shows that the simulation results are in good agreement with
the measurement results. The characteristic impedance of the glass substrate, HRSi-
core CPW is about 47 2 when the frequency is above 10 GHz. The attenuation
increases with frequency, which is 4 dB/cm at 25 GHz.

The unit RLGC parameters of simulation results and measurement results are
compared in Fig. 4.14. The measured unit RLGC values match well with the simu-
lated results. The unit inductance, L, and the unit capacitance, C, are kept constant
from 10 to 25 GHz, which are 2.85 nH/cm and 1.3 pF/cm, respectively, as shown in
Fig. 4.14a. The resistance, R, and shunt conductance, G, increase with the frequency,
as shown in Fig. 4.14b. Table 4.2 compares simulated and measured attenuation due
to the unit resistance, R, and the shunt conductance, G, of the HRSi-core CPW on
glass at 20 GHz. The measured conductance, G, is 0.0017 S/cm, resulting in the
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dielectric loss, ag, of 0.34 dB/cm. The measured resistance, R, of 37.6 Q/cm con-
tributes to the conductor loss, o, of 3.48 dB/cm. The conductor loss is nine times
higher than the dielectric loss. Therefore, the large unit resistance, R, is the dominant
factor of the attenuation of the Si-core CPW.

By investigating the fabrication process in Chapter 5, the large unit resistance is
due to low-quality metal deposition. The metal is deposited using E-beam evap-
oration. Generally, the E-beam evaporation has poor step coverage. The metal
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Table 4.2 Comparison of the simulated and measured attenuation contributed by the unit
resistance and the conductance of the glass-based HRSi-core CPW at 20 GHz

Zy R G ¢ og o

() (2/cm) (S/cm) (dB/cm) (dB/cm) (dB/cm)
Measurement 47.0 37.6 0.0017 3.48 0.34 3.82
Simulation 46.8 35.2 0.002 3.27 0.4 3.67

coated on sidewalls is found to be only 1/3 of the metal coated on the top surface.
Therefore, only 3000-4000 A gold can be coated on sidewalls when 1-pm-thick
gold is deposited on the top of silicon structures. On the other hand, the surface
current of the proposed Si-core CPW is mainly concentrated on sidewalls of the
apertures, as shown in Fig. 4.2a. Therefore, more loss is caused by the thin metal
coating of sidewalls. The increase of the shunt conductance, G, caused by the metal
spreading on the substrate during E-beam evaporation is very small. Compared to
the conductor loss, the dielectric loss is negligible.

4.4.2 Effect of Geometrical Parameters

The performance of the Si-core CPW depends on the geometrical parameters sig-
nificantly, including the signal width, S, the ground width, G, and the conductor
separation, W. Four 1-mm-long LRSi-core CPW with various S/W/G are fabricated
on glass and measured. Their S/W/G parameters are summarized in Table 4.3. Note
that S+2W and G are the same for designs A, B, and C. Design D is optimized
using Ansoft HFSS, whose simulated characteristic impedance is 50 2. The other
parameters are T~ 50 pm, i & 6 pm, and w; ~ 10 pm.

Table 4.3 Geometrical parameters of four 1-mm-long Si-core CPWs

Signal, S Space, W Ground, G Sum, S +2W
Design no. (pom) (m) (jom) (wm)
A 680 10 150 700
B 300 200 150 700
C 60 320 150 700
D 110 45 400 200

The characteristic impedance, Zy, and the attenuation, «, extracted from mea-
sured S-parameters are shown in Fig. 4.15a, b. The variation of the characteristic
impedance of the Si-core CPW is larger when the frequency is below 5 GHz, indicat-
ing slow-wave mode propagation. However, when the frequency rises above 5 GHz,
the characteristic impedance, Zy, reduces gradually for all structures, indicating that
the quasi-TEM mode propagation is supported above 5 GHz. In the quasi-TEM
mode propagation, the characteristic impedance of the transmission line is inversely
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Fig. 4.15 Measured results of 1-mm-long LRSi-core CPWs on glass with different dimensions:
(a) characteristic impedance and (b) attenuation

proportional to the square root of the line capacitance. When the space between the
signal line and the ground line, W, is smaller, the unit inductance, L, is less and the
unit capacitance, C, is larger, which lead to smaller characteristic impedance. This
tendency can be observed in designs A, B, and C. At high frequency, impedance
matching is important to minimize signal oscillations that are caused by the reflec-
tion of the electromagnetic wave at the impedance discontinuity. Therefore, it is
most desirable to design the transmission line with the characteristic impedance
of 50 Q. The characteristic impedance of design D is about 50 @ at 5-25 GHz.
Figure 4.15b shows that the attenuation of the Si-core CPW increases with the
signal line width, S. When ($§4+2W) is a constant, the Si-core CPW with wider
signal line shows larger attenuation. That is because more electromagnetic field
leaks into the substrate, e.g., dielectric loss is larger. However, design D (S/W/G =
110/45/400 pwm) has lower attenuation than design C (S/W/G = 60/320/150 pm).
That is because the sum (S+2W) of design C is larger than the glass substrate thick-
ness of 500 wm, whereas the sum (S+2W) of design D is less than 500 wm. This
leads to larger frequency dispersion and radiation loss in design C as compared
to design D. Therefore, geometrical parameters of the Si-core CPW can be opti-
mized to obtain the desired characteristic impedance and, simultaneously, suppress
the unwanted radiation loss and the frequency dispersion when designing the Si-core
CPW.

4.4.3 Effect of Material Properties

Both the substrate material and the core material affect the RF performance of the
Si-core CPW. The effect of the substrate material is illustrated in Figs. 4.16 and 4.17.
For the SOI-based LRSi-core CPW, the parameters of the CPW transmission line
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Fig. 4.16 Comparison of attenuation of LRSi-core CPW on SOI and glass substrate
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Fig. 4.17 Comparison of resistance and conductance of LRSi-core CPW on SOI and glass
substrate

S/WIG are 66/67/100 wm. The substrate is high-resistivity silicon with the thickness
of 500 wm. The core material is low-resistivity silicon with the thickness of 35
pm. Between the substrate and the device, silicon layer is a 2-pm-thick thermal
oxide; 1.2-pwm-thick Al is coated. For the glass-based LRSi-core CPW, S/W/G are
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110/45/400 pm, respectively. The substrate is 500-pm-thick glass. The core mate-
rial is 60-pwm-thick low-resistivity silicon. A & 6 pm, w; & 10 wm; 1-pm-thick gold
is coated. The measured unit RLGC parameters, the characteristic impedance, and
the attenuation are extracted from measured S-parameters. The fitted unit RLGC
parameters are fitted from the measured RLGC parameters. The fitted attenuation
and the fitted characteristic impedance are calculated from the fitted RLGC parame-
ters, which agree well with the measured results. As in Section 4.3.1, the SOI-based
CPW has larger shunt conductance than the glass-based CPW, especially at high-
frequency range. Therefore, the SOI-based CPW has higher dielectric loss than the
glass-based CPW, as shown in Fig. 4.17. For any frequency below 13 GHz, the resis-
tance of the SOI-based CPW is less than the glass-based CPW due to thicker metal
coating. However, when the frequency is above 13 GHz, both the resistance and the
conductance of the SOI-based CPW arise abruptly, resulting in larger attenuation
than the glass-based CPW, as shown in Fig. 4.16.

The effect of the core material of the Si-core CPW is illustrated in Figs. 4.18
and 4.19. The parameters of the transmission line S/W/G are 110/45/400 pm. The
substrate is 500-pm-thick glass. 4, &~ 6 um, wy =~ 10 wm, and 1-pwm-thick Au is
deposited. The thickness of waveguides of Si-core CPWs is about 60 pum. The unit
capacitance of the LRSi-core CPW is 1.33 pF/cm, which is slightly larger than the
HRSi-core CPW of 1.30 pF/cm. However, as in Section 4.3.2, the inductance of the
HRSi-core CPW is larger than the LRSi-core CPW. They are 2.85 and 2.26 nH/cm,
respectively. As a result, the characteristic impedance of the HRSi-core CPW of
47 Q is larger than that of the LRSi-core CPW of 41.2 €, as shown in Fig. 4.18.
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Fig. 4.18 Comparison of characteristic impedance and attenuation between the HRSi-core CPW

and the LRSi-core CPW on glass. Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited
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Fig. 4.19 Comparison of resistance and conductance between the HRSi-core CPW and the LRSi-
core CPW on glass

The HRSi-core CPW has lower attenuation than the LRSi-core CPW, as shown in
Fig. 4.19. That is because the unit shunt conductance, G, of the HRSi-core CPW is
less than the LRSi-core CPW, resulting in lower dielectric loss. The unit resistance,
R, of the HRSi-core CPW is significantly lower than the LRSi-core CPW, resulting
in lower conductor loss.

Table 4.4 shows the comparison between the measured and fitted RLGC parame-
ters, the characteristic impedance, the attenuation between the SOI-based LRSi-core
CPW, the glass-based LRSi-core CPW, and the glass-based HRSi-core CPW at
20 GHz. The glass-based HRSi-core CPW has the lowest resistance, conductance,
and attenuation. The conductor loss is the dominant factor of the attenuation.
Thicker metal should be coated to reduce the attenuation of the Si-core CPW.

Table 4.4 Comparison of measured and fitted RLGC values and attenuations of Si-core CPW with
different substrates and core materials at 20 GHz

SOI-based Glass-based Glass-based

LRSi core LRSi core HRSi core
CPW
parameters Measured  Fitted Measured  Fitted Measured  Fitted
R (Q/cm) 69.7 65.1 53 53 37.6 374
L (nH/cm) 4.1 4.1 2.26 2.29 2.85 2.83
G (S/cm) 0.012 0.011 0.007 0.006 0.0017 0.0014
C (pF/cm) 1.95 1.95 1.33 1.33 1.30 1.30
Zo (2) 45.9 46.2 41.2 41.5 47 46.7
o (dB/cm) 6.59 6.11 5.58 5.55 3.48 3.48
g (dB/cm) 2.39 2.37 1.25 1.08 0.34 0.28

a (dB/cm) 10.04 8.48 6.88 6.63 3.82 3.76
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Based on this study, the following guidelines are recommended to achieve low-
loss Si-core CPW: (i) depositing sufficiently thick metal and improving the step
coverage of the metal deposition; (ii) using low-loss substrate, such as glass; and
(iii) using high-resistivity silicon as the core material.

4.5 Surface-Micromachined CPW Transmission Line

A coplanar waveguide (CPW) consists of a center strip conductor with semi-infinite
ground planes on either side as shown in Fig. 4.20. The dimensions of the center
strip, the gap, the thickness, and permittivity of the dielectric substrate are deter-
mined by the effective dielectric constant eef;, the characteristic impedance Zp,
and the attenuation, «, of the transmission line. This CPW structure supports a
quasi-TEM mode of propagation. The CPW offers several advantages over the con-
ventional microstrip line [5-12] as (1) it simplifies fabrication, (2) easy shunt as
well as series surface mounting of active and passive devices, (3) it eliminates the
need for wraparound and via holes, and (4) it reduces radiation loss.

Metal layer

w ] S=2a | w | G |
| . 1

Substrate,

Fig. 4.20 Schematic of the coplanar waveguide (CPW) structure

4.5.1 Characteristic Impedance and Effective Dielectric Constant

The cross-sectional view of CPW is shown in Fig. 4.20. The CPW center strip con-
ductor width S is equal to 2a and the distance of separation between the two ground
planes is 2b. Consequently, the slot width W is equal to b — a. The CPW conductors
and the dielectric substrates are assumed to have perfect conductivity and relative
permittivity, respectively. Hence, the structure is considered to be low loss and the
dielectric substrate materials are considered to be isotropic.

In this section, the mathematical derivations of e.ff and Zy using the conformal
mapping techniques are presented. Two assumptions are made. First, the conductor
thickness ¢ is zero and, second, the magnetic walls are present along all the dielectric
boundaries including the CPW slots. The CPW is then divided into several partial
regions and the electric field is considered to exist successively only in the partial
region. In this manner, the capacitance of each partial region is determined sepa-
rately. The total capacitance is the sum of the partial capacitances [13]. The total
capacitance Ccpw can be expressed as [14]

Ccpw = Cy + Cair 4.5)
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where

K (k1)
K (K))

Ci =2¢0(e,1 — 1) (4.6a)

where K is complete elliptic integral of first kind and the modulus of the elliptic
integrals K (k1) and K (k) are given by

sinh (rrS/4h1)
ki = — (4.6b)
sinh {[n S+2 W)]/4h1}

and

K =1—k? (4.6¢)

where £ is the height of the substrate, S is the CPW central strip conductor width,
and W is the slot width.
The capacitance Cyj; is given by

K(k3) K(ks)

Cair = 280 K (k) + 2¢0 K(K,) (4.7a)
where
ks = sinh (rrS / 4h3) 4.7b)
sinh {[r (S +2 W)]/4hs3}
ko = sinh (S /4hs) 470

sinh {[7 (S +2 W)]/4h4}

Ky =1 — k32 (4.7d)
Ky, =1 — k2 (4.7¢)

Substituting k3 = hq =00 into Egs. (4.7a), (4.7b), and (4.7c), we have

K (ko)
Cair = 469 —2 4.8
air 80]((](6) (4.82)
and
ks =ks = ko = S (4.8b)
PTHMERN TS Ow '

Substituting Eqs. (4.6a) and (4.8a) into Eq. (4.5), Ccpw is expressed as
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K (ki) K (ko)
Ccpw = 20 (er1 — 1) + 4e “4.9)
K (k) K (k)
Under the quasi-static approximation, &g is defined as [14]
Ccpw
Eeff = 4.10)
¢ Cair
Substituting Egs. (4.8a) and (4.9) into Eq. (4.10) is expressed as
et — 1 K(ky) K(kp)
=1 4.11
Eeff + 2 K& Ktko) 4.11)
The characteristics impedance Z is defined as [14]
Z ! 4.12)
0= (7= .
CCair«/ Eeff
Substituting Eq. (4.8a) into Eq. (4.12) gives
1 K (K
— __( 0) (4.13a)
dceo/eett K (ko)

where ¢ =3 x 10% m/s and eg= 8.854 x 1072 F/m, then Eq. (4.13a) is simplified as

30w K (kp)
- Jeert K (ko)

Zy

(4.13b)

In Fig. 4.21, the characteristics impedance curve is plotted with different slot
and conductor width values. The characteristic impedances for different dielectric
substrates are also included. For the same ratio, S/(S+W) of the slot conductor, the
substrate with a lower dielectric constant has a higher characteristic impedance.

The vector current distribution of the coplanar waveguide is calculated using the
method of moment software IE-3D as shown in Fig. 4.22. In CPW transmission
line, the electric field radiates from the center signal conductor to the two ground
conductors and into the substrate where the dominant mode for this kind of transmis-
sion line is quasi-transverse electromagnetic (TEM) mode, while the magnetic field
lines enclose around only the center signal conductor. The electric current calcu-
lated from IE-3D is 250.3 amp/m which is dominant compared to magnetic current
of 1 x 107 V/m. This is the reason for the strong penetration of the E-field from
the signal line to ground plane and into the substrate. In Fig. 4.22, the bar indicates
the different color representations in decibels for different attenuation levels. It is
noticed that the signal passes with minimum attenuation of 0.1-0.3 dB from input
to the output port.

The material property of the substrate has significant effects on the performance
of the CPW transmission line.
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Fig. 4.21 Characteristic impedance of coplanar waveguide versus different dielectric constant of
the substrate material
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Fig. 4.22 Simulation result of the current distribution in the coplanar waveguide. Copyright/used
with permission of/courtesy of IEEE

2 mm

Figure 4.23 shows that for fixed (S+2W) and aspect ratio S/(S+2W) the Z
decreases as the thickness of the metal ¢ increases for silicon substrate. For the
fixed aspect ratio S/(S+2W) of 0.1 and the metal thickness 0.5 pwm, the charac-
teristic impedance is 78.37 €2. On the other hand, when the metal thickness is 10
pm the characteristic impedance is 72.54 2; for the fixed aspect ratio of 0.75,
the characteristic impedance is 37.5 @ for 10 wm and 38.4 Q for 2-pm metal
thickness.



106 4 Coplanar Waveguide Transmission Line

80

: : : —a—1t=0.5um
INNAN G- e S -o--t=2.0um |..........
: : : : —A—t=6.0um
—+—1=10.0um

~
o
|

[=2]
o
|

[41]
o
1

Characteristic impedance, Z, ohms

8

T T T T T T T T i
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Aspect ratio, S/(S+2W)

Fig. 4.23 Simulation result of characteristic impedance of CPW with different metal thicknesses

4.5.2 Losses of CPW Structure

For the CPW structure, two major factors are considered for the transmission line
losses. The total CPW attenuation is expressed as the sum of the attenuation due to
the dielectric losses in the substrate and that due to the conductor losses in the strip
and the ground planes.

The dielectric loss, g is due to the displacement current in the guiding medium
of the CPW transmission line. The attenuation constant due to the dielectric loss is
expressed as [15]

T &
AO A/Eeff

where A is the free space wavelength in meters, ¢&; is the relative permittivity of the
substrate,tan & is the dielectric loss tangent, e.fr is the effective dielectric constant.
The loss tangent tan . remains constant with respect to the frequency for differ-
ent dielectric materials. However, the dielectric loss «g increases linearly with the
frequency. The loss tangent is an important factor to be taken into consideration as
there are material losses due to bulk conductivityo. The loss tangent is defined as

od gtan §¢(N/m) (4.14)

o

tan 8. = (4.15)

WEQEeff

The material with high loss tangent results in a higher dielectric loss. The
material or substrate properties are listed in Table 4.5.

The attenuation constant due to the conductor loss o in the central strip conduc-
tor and the ground planes of the CPW is given below. In deriving this expression,
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Table 4.5 Properties of the dielectric materials

Materials &r tan §e

High-resistivity (HR) silicon 11.9 0.025S xm
Low-resistivity (LR) silicon 11.9 100 S x m
Air 1.0 0.0 Sxm

the thickness 7 of the CPW conductors is assumed to be greater than the skin depth
§ in the metal. The conductor loss . is defined as [15]

_ Re+R,

4.16
2 (4.16)

C

where R. is the series resistance in ohms per unit length of the center conductor
given by

R, 4n S 1+ ko
R. = . 7+ 22) —koln 4.17)
48 (1 — 2) K2 (ko) t 1 — ko

R, is the distributed series resistance in ohms per unit length of the ground planes
and is given by

koR 4 2 1 [1+k
Ry = s P+m(£§iJ@)——m(4'ﬂ}(m&
45 (1= K2) K2 (ko) : o \1—k

Ry is the skin effect surface resistance and is given by

2
Ry =, — (4.19)
wdo
where o is the conductivity and § is the skin depth. Therefore, the total attenuation
o can be expressed as

o =0+ oq (4.20)

Based on Eq. (4.14), the dielectric loss is linearly proportional to frequency.
Figure 4.24 shows the relationship between the frequency and the attenuation. The
attenuation at the frequency of 20 GHz is 0.37 dB/cm.

Figure 4.25 shows the simulation results of the attenuation constant « and the
characteristic impedance Zy when the ground plane separation (S+2W) is constant.
It is noted that the attenuation decreases slowly with the increase in characteris-
tic impedance. Minimum attenuation occurs at the characteristic impedance which
is close to 50 €. When the characteristic impedance is raised above 50 €2, the
attenuation increases gradually.
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Fig. 4.24 Simulation results of attenuation constant due to conductor loss as a function of
frequency of the CPW structure. Copyright/used with permission of/courtesy of IEEE
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4.5.3 Effects of Material Properties

The material properties have a significant effect on the performance of the CPW
structure. They affect both the insertion loss and the RF transmission properties of
the structure. Usually the insertion loss of the CPW structure should be made as
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Fig. 4.26 Comparison of the simulated results of the HR silicon and LR silicon: (a) return loss
S11 and (b) insertion loss S21. Copyright/used with permission of/courtesy of IEEE

low as possible so that its influence on the performance of any microwave devices,
such as filters, switches, and couplers, is negligible. The CPW structure length is
10 mm.

The simulation results of the high-resistivity (HR) silicon and low-resistivity
(LR) silicon are shown in Fig. 4.26. The resistivity of HR silicon is 4000 € x cm,
while that of LR silicon is 20 €2 x cm. The thickness of the metal layer is 2 pm The
insertion losses for HR silicon and LR silicon at 5 GHz are 0.3 and 8.5 dB, respec-
tively. Similarly, the insertion loss for the HR silicon at 15 GHz is 0.7 dB and for
LR silicon is 10 dB. Therefore, it can be concluded that the CPW structure realized
on LR silicon has higher attenuation compared to HR silicon. As a result, silicon
with high resistivity is preferred in RF MEMS devices.

4.5.4 Effects of Metal Thickness

The effect of metal thickness ¢ of the CPW transmission line at the fixed fre-
quency of 20 GHz is shown in Fig. 4.27. As expected, the attenuation rises rapidly
when the metal thickness becomes less than two to three times the skin depth §
Figure 4.28 shows the EM simulation results of the effect of the metal thickness
on the insertion loss. The metal is gold (Au) with a conductivity of 4.1x 107S/m.
When the metal thickness is 4 and 6 wm the insertion losses are 0.2 dB at 5 GHz
and 0.40 dB at 15 GHz, respectively. When the metal thickness is reduced to 2
pm, a higher insertion loss of 0.75 dB at 15 GHz is observed. Therefore, it can
be concluded that the thicker the deposition layer of Au, the lower the conductor
loss.
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Fig. 4.27 Simulation result
of the conductor loss versus
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thicknesses ¢ at 20 GHz.
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4.5.5 Experimental Results and Discussions

The RF performance of the silicon CPW structure are measured using the HP 8510C
vector network analyzer with gold tip —150 wm pitch from cascade microtech
ground-signal-ground coplanar probes. The system is calibrated using standard
short-open-load-through (SOLT) on wafer calibration technique. A 5-mm plastic
plate is placed between the probe chuck and the sample to remove higher order
modes of propagation. All experiments are performed in the room environment
without packaging. SEM image of the CPW structure is shown in Fig. 4.29.

The dimensions of the CPW structure are S = 70 wm and W = 115 pm.
The CPW structure length is 10 mm. It is fabricated using high-resistivity silicon
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Fig. 4.29 Top view of SEM
image of the CPW structure
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Fig. 4.30 Measurement results of RF properties of the CPW using different materials for the
conductor layer: (a) return loss S1; and (b) insertion loss S»1. Copyright/used with permission
of/courtesy of IEEE

substrate. The conductor layers are deposited using three different types of metal
materials. The measurement results are shown in Fig. 4.30. Aluminum (Al) has a
high insertion loss of 0.5 dB at 5 GHz and 2.1 dB at 15 GHz. Gold (Au) and copper
(Cu) materials show excellent result in terms of insertion loss. Gold has an inser-
tion loss of 0.17 dB at 5 GHz and 0.2 dB at 15 GHz, whereas copper is slightly
better with an insertion loss of 0.08 dB at 5 GHz and 0.13 dB at 15 GHz. However,
the CPW transmission line and RF MEMS switch are fabricated using gold as the
conductor layer. The reason for this is that, although copper shows a better RF per-
formance, gold is more advantageous due to its resistance to oxidation, increased
reliability, and stability.
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4.6 Summary

In this chapter, the Si-core metal-coated CPW is studied. The design and the full-
wave EM simulation of the Si-core CPW are presented. The losses of the Si-core
CPW transmission line related to the substrate material, the core material, and the
process variations are analyzed using the RLGC model. The analysis shows that
the substrate material and the core material have influence on the dielectric loss.
High-resistivity and low-loss material is more favorable for the substrate and the
core material for the low-loss Si-core CPW transmission line. The process varia-
tions, including the thickness of the silicon backbone and the undercut dimensions,
also significantly affect the RF performance of the Si-core CPW. The experimental
results also verify that the Si-core CPW supports quasi-TEM mode propagation up
to 25 GHz with attenuation of less than 4 dB/cm. It is found that the conductor loss
dominates the attenuation of the Si-core CPW. Some useful guidelines for low-loss
Si-core CPW are as follows: (i) depositing sufficiently thick metal layer and improv-
ing the step coverage of the metal deposition; (ii) utilizing low-loss substrate, such
as glass; and (iii) using high-resistivity silicon as core material.

The surface-micromachined CPW transmission line is also designed, fabricated,
and experimented. The study shows that material properties play an important role
in the performance of the CPW transmission line. Different metal thickness is ana-
lyzed for better insertion loss performance. Even though copper is found to be
slightly better than gold in terms of performance, gold is still preferred and used
in the practical implementation because of its low oxidation and high reliability.
High-resistivity (HR) silicon substrate is used for better RF performance. The inser-
tion loss at 5 GHz for HR silicon and LR silicon is 0.3 and 8.5 dB, respectively.
Similarly, the insertion loss at 15 GHz for HR silicon and LR silicon is 0.7 and 10
dB, respectively. The measurement results for gold show an insertion loss of 0.17
dB at 5 GHz and 0.2 dB at 15 GHz.
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Chapter 5
Single-Pole-Multi-Throw Switching Circuits

In this chapter, different types of single-pole-multiple-throw (SPMT) switching cir-
cuits are designed using a silicon-core metal-coated coplanar waveguide (CPW)
transmission line and integrated lateral switches. These include the single-pole-
double-three (SP2T) [1-5], single-pole-three-throw (SP3T), and single-pole-four-
throw (SP4T) switching circuits [6]. However, it is to focus SP2T circuit analysis
and full-wave EM simulation and experimental results discussion. The advantages
of the SPMT switching circuits are low loss, high isolation, high reliability and
stability, and small footprint.

5.1 SP2T Switching Circuit

Based on different circuit topologies, three different SP2T switching circuits are
developed. They are the in-line SP2T switching circuit, the parallel SP2T switch-
ing circuit, and the single-beam SP2T switching circuit. As the basis of the SPMT
switching circuit, the in-line SP2T switching circuit is discussed in detail. These
include the design, equivalent circuit modeling, and the full-wave EM simulation.

5.1.1 Design of the In-line SP2T Switching Circuit

The schematic of the in-line SP2T switching circuit is shown in Fig. 5.1a. It consists
of a T-junction with a series switch located at each of the output arms. The signal
can therefore be routed to two different output ports with one switch at off state
and the other switch at on state. Figure 5.1b shows the layout of the in-line SP2T
switching circuit. The lateral metal-contact switch is placed at each output port.
Two cantilever beams are integrated on the switching circuit. The cantilever beam
is equipped with a fixed connection at the output port. The free end of the cantilever
beam comes into contact with the contact bump at the T-junction upon turning on
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Fig. 5.1 The in-line SP2T switching circuit (a) schematic diagram and (b) design layout
(G, ground; S, signal; A; — A}, bond wires). Copyright/used with permission of/courtesy of Elsevier

the switch. Therefore, the cantilever beam does not only act as a movable electrode
of the actuator but also forms part of the signal line. The ground lines beside the
cantilever beam are extended toward the cantilever beam to avoid a drastic increase
in the characteristic impedance of this part. The gap distance between the cantilever
beam and the ground lines is 30 pm. At the free end of the cantilever beam, one
ground line protuberates toward the cantilever beam to act as a fixed electrode. DC
bias voltage is applied between the signal line and ground lines of the output port.
When the bias voltage is applied between the signal line and the ground lines at
port 2 or 3, one lateral switch is at the on state and the other is at the off state.
Then, the RF signal propagates from input port to one of the output ports. Due to
the discontinuity of the CPW ground plane, the RF power can be converted from the
desired CPW mode to the parasitic coupled slot line mode. To equalize the potential
of the ground plane, bond wires are used at the discontinuity. In Fig. 5.1b the bond
wires are denoted as A; — A/. Totally, three bond wires are used in this design.

5.1.2 Modeling and Simulation of the SP2T Switching Circuit

Since only one switch in the SP2T switching circuit is activated to the close state at
any time, the equivalent circuit consists of an open stub with an open-state switch
which connects between the input transmission line section and an output sec-
tion with a close-state switch. The complete transmission line model is shown in
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Fig. 5.2 Equivalent circuits of SP2T switching circuit: (a) complete transmission line model and
(b) lumped equivalent circuit model

Fig. 5.2a, where lateral switches are modeled using a simple capacitor Cs = 12 {F
at the open state and a contact resistor R, = 1.2 Q at the close state. The parasitic
capacitance between the cantilever beam and ground lines, Cy, is also considered in
the model.

Figure 5.2b shows the lumped equivalent circuit model of the SP2T switching
circuit. The cantilever beam is described by the beam inductance, L, and the beam
resistance, Rp. The transmission line sections are replaced with their lumped RLC
circuits. Since the transmission line section is quite short (<500 pwm), the shunt
conductance is extremely small (<10 S) and is ignored in the model. The series-L
and shunt C configuration means that the insertion loss of the SP2T switching circuit
exhibits a “low-pass” characteristic and the cutoff frequency depends on the length
of the open stub. It is important to reduce the length of the stub by placing switches
as close as possible to achieve wide bandwidth. In Fig. 5.1b, the electrical length of
the stub is only 3° at 10 GHz. This is relatively small and the SP2T switching circuit
can maintain an impedance match up to around 40 GHz. As shown in Fig. 5.3, the
simulated return loss at the input port and the output port is higher than 13 dB at
40 GHz when one switch is closed and the other is open.

The equivalent circuit model provides a useful insight for the design of SP2T
switching circuit. However, it does not take into account the parasitic coupling that
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exits at the T-junction and the suppress role of the bond wires. Therefore, a full-wave
EM analysis is introduced using Ansoft’s HFSS. Figure 5.4 shows the simulated
S-parameters of the in-line SP2T switching circuit with and without bond wires
using Ansoft’s HFSS. It is observed that the bond wires have significant effects on
the RF responses at high frequencies range (>15 GHz). When the circuit is designed
with three bond wires, the insertion loss is below 0.8 dB and the isolation is above
27 dB up to 30 GHz. However, when the circuit is designed without bond wires, the
insertion loss is 1.3 dB and the isolation is 18 dB at 30 GHz. The surface current dis-
tribution with one switch open and the other switch closed is illustrated in Fig. 5.5. It
can be seen that the current mainly flows along the sidewalls of the transmission line

~10
—20 + Return loss

-30 1

S-parameters (dB)

—40

-50 4 ," — with bond wires t 25
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Fig. 5.4 Full-wave EM simulation results of S-parameters of the in-line SP2T switching circuit
with and without bond wires
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Fig. 5.5 Surface current Jsurf[a/n]
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(a) The right switch is in the off-state and the left switch is in the on-state.

(b) The left switch is in the on-state and the right switch is in the off-state.

and the cantilever beam. When the left switch is at its open state, very little current
is flowing along the left beam due to the capacitive coupling. When the left switch is
at its close state, most current is flowing along the left beam. The right beam has the
similar behavior as the left beam. It is noted that the current distribution patterns in
Fig. 5.5a, b are not exactly symmetrical since the mesh generated by the computer
is asymmetrical.

5.1.3 Different Types of SP2T Switching Circuits

Two other different designs of the SP2T switching circuits will be discussed, which
improve the RF performance and compactness of the SP2T switching circuits. In the
in-line SP2T switching circuit, two lateral switches are in a line. However, two lat-
eral switches can also be parallel to each other. The parallel SP2T switching circuit
is implemented with this configuration, as shown in Fig. 5.6. Two cantilever beams
share one ground line. At the free end of the cantilever beams, the common ground
line protuberates toward two cantilever beams, respectively, to act as the common
fixed electrode of two lateral switches. When applying bias voltage between the sig-
nal line and ground lines at port 2, the cantilever beam of switch 1 moves toward
the common ground line pulled by the electrostatic force until its free end hits the
T-junction. Then, the RF signal propagates along the transmission line from port 1
to port 2. Little signal goes to port 3 because switch 2 is at its open state. Similarly,
when switch 2 is closed, RF signal propagates along the transmission line from port
1 to port 3 and little goes to port 2. When this SP2T switching circuit is in a circuit,
the high DC potential is applied on the signal line through an RF choke inductor
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Fig. 5.6 The parallel SP2T switching circuit: (a) schematic diagram and (b) layout design (G,
ground; S, signal; A; — A/, bond wire). Copyright/used with permission of/courtesy of Institute of
Physics and IOP Publishing Limited

and the DC ground potential is applied on the common ground line to actuate the
corresponding switch. A DC block capacitor is inserted between the switch signal
line and other circuit parts. Because of the discontinuity of the CPW ground plane,
the RF power can be converted from the desired CPW mode to the parasitic coupled
slot line mode. To equalize the potential of ground planes, four bond wires are used
at the discontinuities of ground planes.

The first two designs of the SP2T switching circuits require two cantilever beams.
The last design of the SP2T switching circuit only requires one cantilever beam to
move in both directions, as shown in Fig. 5.7. Two fixed electrodes are located at
either side of the cantilever beam. The ground potential of the bias voltage is applied
on the cantilever beam and sufficient bias voltage is applied on one of the fixed
electrode. Then, the cantilever beam moves toward this fixed electrode and hits the
contact bump on the corresponding output port. As a result, the RF signal propagates
along the transmission line from the input port to this output port and is blocked to
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Fig. 5.7 The single-beam SP2T switching circuit: (a) schematic diagram and (b) layout design
(G, ground; S, signal; A; — A;: bond wire)

the other port. To suppress the slot line mode at high-frequency range, three bond
wires are used to equalize the potential of ground plane which are denoted as A; — A’
in Fig. 5.7b. The size of the SP2T switching circuit is reduced because only one
beam is used.

5.2 Design of the SP3T Switching Circuit

Based on the design of the in-line SP2T switching circuit, a new type of SP3T
switching circuit is developed as shown in Fig. 5.8a, b. Each branch is perpen-
dicular to the adjacent branch. The bias voltage is applied between the signal line
and the ground line at the output port. At any time only one switch is activated
to the close state and other two switches are at the open state. Then, the RF sig-
nal propagates along the transmission line from the input port to only one of the
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Fig. 5.8 The SP3T switching circuit: (a) schematic diagram; (b) layout design (G, ground; S,
signal; A; — A;, bond wire); and (¢) lumped equivalent circuit
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output ports. Four bond wires are required to equalize the potential of the ground
planes. The lumped equivalent model is obtained by adding a branch with an open
switch to the lumped equivalent model of the SP2T switching circuit, as shown in
Fig. 5.8c. The SP3T switching circuit consists of two open stubs connected between
the input transmission line section and output branch section with a closed switch.
Since the open stubs are capacitive in nature, when there are more open stubs,
higher loss is expected at high frequencies range. Therefore, the insertion loss of
the SP3T switching circuit is expected to be larger than the in-line SP2T switching
circuit.

It is noted that the branches to port 2 (output 1) and port 4 (output 3) are per-
pendicular to the input port, whereas the branch to port 3 (output 2) is in the same
line with the input port. This asymmetrical structure results in different RF perfor-
mances between port 2 and port 4, and port 3. The measurement results are discussed
in Section 5.4.

5.3 Design of the SP4T Switching Circuit

Based on the design of the in-line SP2T switching circuit, a SP4T switch-
ing circuit is designed as a star-shaped five-port switching circuit as shown in
Fig. 5.9. The angle between any two branches is 72°. Four lateral switches are
located at the four output branches, respectively. Since part of the ground line
is designed as the fixed electrode, the bias voltage is applied between the signal
line and the ground lines of one output port to close the corresponding lateral
switch. When one of the lateral switches is activated at the on-state, the remain-
ing three switches are kept at the off-state. Then, RF signal propagates from the
input port to only that particular output port and is isolated to other three out-
put ports. The lumped equivalent circuit of the SP4T switching circuit is shown
in Fig. 5.9c. The SPAT switching circuit consists of three open stubs connected
between the input section and the output section with the lateral switch. The
insertion loss of the SP4T switching circuit is larger than the SP3T and SP2T
switching circuits because there are more open stubs connected to the active
branch.

5.4 Experimental Results and Discussions

The SPMT switching circuits are fabricated on a glass wafer using a substrate trans-
fer process. The details of the fabrication process are discussed in Chapter 9. The
substrate is a 500-pm-thick glass. The device structure layer is 62-pm-thick high-
resistivity silicon (p > 4000 €2 cm), which is coated with 1-pum-thick gold. After
the fabrication process, 1-mil-thick gold wires are bonded at the discontinuities to
equalize the potential of the ground plane using the wire-bonding technique. The
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Fig. 5.9 The SPAT switching circuit: (a) schematic diagram; (b) layout design (G, ground; S,
signal; A; — A/, bond wire); and (c) lumped equivalent circuit. Copyright/used with permission
of/courtesy of Elsevier B.V
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actuator design in all switching circuits is /; = 230 wm, / = 220 wm, /3 = 18 pum,
wi = 2.5 pm, wp = 5 wm (solid mass), gsi = 4 wm, and ds; = 3 wm. The inser-
tion loss and the return loss of the SPMT switching circuits are determined by S
and S11, respectively, through the input and output branches that contain the lateral
switch, while the switch in the other output branches is in the off state. The isolation
loss of the SPMT switching circuit is characterized by S»; along the signal line with
the switch at the off state.

5.4.1 In-line SP2T Switching Circuit

The SEM image of the SP2T switching circuit is shown in Fig. 5.10a. It occupies
1.48 mm? (1.85 mm x 0.8 mm) in area. The measured and fitted S-parameters of
the SPST switch are shown in Fig. 5.10b. The SPST switch has an insertion loss of
0.7 dB, a return loss of 23 dB, and an isolation of 25 dB up to 25 GHz. The fitted
lumped circuit parameters of the SPST switch are as follows: Ly, = 114 pH, Cg on
= 34 1F, Cg off = 30 fF, C; = 3.5 fF. The fitted total switch resistance (Rp + R)
increases with frequency due to the skin effect and is fitted as

Ry +Re=15+./f (5.1

The measured RF results of the SP2T switching circuit with and without bond
wires are shown in Fig. 5.10c, d, respectively. The bond wires are essential in sup-
pressing the parasitic slot line mode and in keeping the desired quasi-TEM mode,
especially at high frequency. The insertion loss of the in-line SP2T switching cir-
cuit is less than 1 dB up to 22 GHz with three bond wires. The return loss and the
isolation are higher than 15 and 25 dB up to 22 GHz, respectively, as shown in
Fig. 5.10d. The insertion loss is 1 dB at 6 GHz and increases rapidly to 5.5 dB at
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Fig. 5.10 The in-line SP2T switching circuit: (a) SEM image; (b) measured and fitted results of
an SPST switch on glass; (¢) measured results without bond wires; and (d) measured and fitted
results with three bond wires
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(d) Measured and fitted results of the SP2T switching circuit with three bond wires

Fig. 5.10 (Continued)

10 GHz without bond wires, as shown in Fig. 5.10c. The return loss is reduced from
17 dB at 6 GHz to 7 dB at 10 GHz, which is unfavorable compared to the SP2T

switching circuit with bond wires.

Based on Fig. 5.2b, the circuit simulation results of the SP2T switching circuit
is shown in Fig. 5.10d. The beam resistance, Ry, is found to be proportional to /f
due to the skin effect. The simulated return loss and insertion loss agree well with
the experimental results. The simulated isolation agrees with the measured isolation
up to 12 GHz. However, the measured isolation is better than the simulated results
from 12 to 25 GHz because the circuit model does not describe the parasitic coupling

effect at the T-junction.
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5.4.2 Different Designs of the SP2T Switching Circuits

The SEM image of the parallel SP2T switching circuit with bond wires is shown in
Fig. 5.11a. The circuit size is 1.3 mm? (I mm x 1.3 mm) in area.

The SEM image of the single-beam SP2T switching circuit is shown in
Fig. 5.11b. Since the fixed electrodes of this design are separated from the ground
lines, the bias lines are designed using an external power supply. By using a shadow
mask, the bias line structures are sheltered from the metal coating except the DC
pads. Therefore, the bias lines have high resistance due to the high resistivity of the
silicon layer. The bias line connected to the signal line is a meander structure to
provide high inductance. The circuit size is 0.92 mm? (= 1.15 mm x 0.8 mm) in
area, excluding the bias lines.
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Fig. 5.11 SEM images of (a) (Input)
the parallel SP2T switching
circuit and (b) the
single-beam SP2T switching
circuit. Copyright/used with
permission of/courtesy of
Institute of Physics and IOP
Publishing Limited

Fixed
electrode
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Fig. 5.12 Comparison of the measured S-parameters of the three SP2T switching circuits

A comparison of the measured S-parameters among the three different SP2T
switching circuits is provided in Fig. 5.12. The insertion loss of the parallel SP2T
switching circuit is less than 1 dB up to 22 GHz. Both the return loss and the iso-
lation are above 22 dB up to 25 GHz. The parallel SP2T switching circuit is found
to have the best insertion loss and return loss which implies that the parallel SP2T
switching circuit provides the best impedance matching and conducts the RF power
most effectively.

The insertion loss of the single-beam SP2T switching circuit is 0.52 dB at 5 GHz
and 1 dB at 17 GHz. The return loss and isolation are above 17 and 20 dB up to
25 GHz, respectively. The insertion loss of the single-beam SP2T switching circuit
is the least favorable when compared with other two designs. That is because the two
fixed electrodes, which are located beside the cantilever beam, increase the parasitic
shunt capacitance, Cg, of the switch. As a result, more RF power is guided to the
ground plane.

5.4.3 SP3T Switching Circuit

The SEM image of the SP3T switching circuit is shown in Fig. 5.13a. It occupies
2.45 mm? (1.85 mm x 1.325 mm) in area. The measured S-parameters are shown
in Fig. 5.13b, c. The measured insertion loss and the return loss of the SP3T switch-
ing circuit are 0.7 and 17 dB at 15 GHz, respectively. The isolation is higher than
20 dB up to 20 GHz. Depending on which port is turned on, the SP3T switching
circuit exhibits either a “near port” (ports 2 and 4) or the “far port” (port 3) RF
response. The insertion loss and return loss of the “far port” are better than the
“near port.” Since the “near port” is at an acute angle to the input port, there is
some parasitic coupling that affects the input—output match. Hence, the “near port”
exhibits a narrower return loss bandwidth than the “far port.” The experimental
results of the two “near ports” (ports 2 and 4) are slightly different, especially when
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Fig. 5.13 Experimental and fitted results of an SP3T switching circuit: (a) SEM image;
(b) insertion loss and return loss; and (c) isolation

the frequency is higher than 15 GHz. This is because two beams in two “near ports”
are not exactly the same after fabrication. The circuit simulation results are com-
pared with the measurement results in Fig. 5.13b, c. The circuit simulation results
are in good agreement with the measurement results of the “far port,” but differ with
the “near port” results since circuit model cannot account for the coupling that exits
at the acute angle. The measured insertion loss and return loss of the SP3T switch-
ing circuit are not as good when compared with the SP2T switching circuits. This is
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Fig. 5.14 Experimental and fitted results of an SPAT switching circuit: (a) SEM image; (b) inser-
tion loss and return loss; and (c) isolation. Copyright/used with permission of/courtesy of IET
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because the active circuit consists of two open stubs connecting the input port and
the output port, which results in more capacitive coupling.

5.4.4 SP4T Switching Circuit

The SEM image of the SP4T switching circuit, which occupies 3.47 mm? (1.77 mm
x 1.96 mm) in area, is shown in Fig. 5.14a. The comparison between the measured
results and the simulated results is shown in Fig. 5.14b, c. The measured insertion
loss is lower than 1 dB from 50 MHz to 10 GHz. Both the return loss and the isola-
tion of the SP4T switching circuit are higher than 22 dB at 10 GHz. The measured
S-parameters of the SP4T switching circuit show that the RF response depends on
the location of the on-state switch. For the SPAT switching circuit, the “near ports”
are ports 2 and 5 and the “far ports” are ports 3 and 4. The insertion losses of the
“far ports” are 0.2 dB lower than that of “the near ports” at 10 GHz.

5.5 Summary

By directly applying the Si-core CPW and lateral switches, different types of SPMT
switching circuits are designed, fabricated, and measured. The SP2T switching cir-
cuit with two cantilever beams is designed with the equivalent circuit analysis and
the full-wave EM simulation. The insertion loss of the SP2T switching circuit with
three bond wires is less than 1 dB up to 20 GHz. The parallel SP2T switching circuit
with two cantilever beams demonstrates lowest insertion loss, which is less than 1
dB at 22 GHz. This is because the parallel SP2T switching circuit has better circuit
matching.

The SP3T and SP4T switching circuits are also designed and fabricated. The
SP3T switching circuit has an insertion loss of 0.7 dB and a return loss of 17 dB
at 15 GHz. The isolation is higher than 20 dB up to 20 GHz. The SP4T switching
circuit has an insertion loss of less than 1 dB up to 10 GHz. Both the return loss and
the isolation are higher than 22 dB at 10 GHz.

Table 1.2 shows the RF performance comparison of various SPMT switch-
ing circuits. The lateral SPMT switching circuits are found to have more reliable
mechanical performance and simpler fabrication process and the integration of the
lateral switches and the Si-core CPW transmission lines provide a low-loss low-cost
SPMT switching circuit.
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Chapter 6
Tunable Electromagnetic Band Gap
Bandstop Filter

In this chapter, design and experiments of the coplanar waveguide (CPW)-based
electromagnetic band gap (EBG) bandstop filter and the micromachined tunable
EBG filters are discussed. These new CPW EBG structures include an unloaded
and a loaded design. The frequency characteristics of the EBG are demonstrated
using different circuit parameters. An equivalent circuit model for the unloaded and
loaded unit structures is derived and a dispersion diagram is obtained for both struc-
tures using commercial software and Floquet’s theorem. The electromagnetic wave
behavior within a unit is analyzed. The bandstop filter is designed by cascading the
EBG structures.

A micromachine-based tunable bandstop filter with low insertion loss is
designed. An equivalent circuit model of the tunable bandstop filter is derived. For
the first time, MEMS capacitive bridges are incorporated in the design of the tun-
able bandstop filter. A MEMS surface micromachining process is developed for the
fabrication of tunable filter. Finally, the measurement results are discussed in terms
of flat responses of the stopband, passband, and the tunable range of the filter.

6.1 Unloaded EBG Bandstop Filter

An unloaded lattice shape unit EBG structure is shown in Fig. 6.1. The substrate is
high-resistivity silicon (p = 4000 €2 x cm) with dielectric permittivity of &, = 11.9
and thickness of H = 200 pwm. The EBG structure is designed for 50 € in CPW
configuration using a signal line with width of W = 108 pm and a gap width of
G = 60 pm.

In the unloaded unit EBG structure, a square slot is etched in the ground plane
with a side length a. The square-etched slot is connected to the gap by a narrow
transverse slot with length of wg and width of ds. The center cutoff frequency, which
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Fig. 6.1 Schematic of unloaded unit EBG structure [1, 2]. Copyright/used with permission
of/courtesy of IET/ Institute of Physics and IOP Publishing Limited

is the resonant frequency, depends on the transverse slot and the square-etched hole
in the ground plane.

To investigate the influences of these parameters on the frequency character-
istics, two separate designs are constructed. The frequency characteristic for the
proposed unit EBG structure is studied and analyzed using Agilent’s momentum
(an EM simulation tool based on method of moment) and the equivalent circuit
model.

6.1.1 Effects of the Unloaded Square Aperture Size

Three different sets of dimensions are evaluated for the unloaded unit EBG structure.
The influence of the square aperture size a on its frequency characteristic is first
investigated. The dimensions ds = 60 pm and wg = 200 pwm are constant for all the
three different square aperture sizes a = 350, 500, and 600 pm.

From the simulation results shown in Fig. 6.2, the resonant frequency of the EBG
unit decreases as the etched area of the square aperture increases. This frequency
characteristic can also be explained using the parallel resonant circuit. As the size
of the square aperture increases, the inductance also increases, whereas ds and wy
are responsible for the capacitance. Since ds and wy are the same for all the three
designs, the capacitance does not vary much compared to the inductance. Thus, as a
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Fig. 6.2 Simulated S-parameters of the unloaded unit EBG structure versus variation of square
aperture size [1]. Copyright/used with permission of/courtesy of IET

increases, the inductance increases and in turn reduces the resonance frequency of
the equivalent parallel circuit and vice versa.

6.1.2 Influence of the Transverse Slot Width

The influence of the transverse slot width ds is investigated in this section. The
square aperture size, a, is kept constant at 500 wm x 500 pwm, and the length of the
transverse slot wy is fixed at 200 wm. The width of the transverse slot is allowed to
vary and set at 10, 60, and 200 pwm, respectively. From Fig. 6.3, it can be observed
that the resonant frequency shifts from 25.48 to 37.98 GHz when d; changes from
10 to 200 pm. Since the size of the unloaded square aperture is fixed for all the
three designs, the inductance variation is smaller. Thus, as d; increases, the parallel
capacitance decreases and the resonance frequency of the equivalent parallel circuit
increases and vice versa.

6.1.3 Influence of the Transverse Slot Length

The effect of the transverse slot length ws on the frequency characteristic is dis-
cussed. The parameters dg = 60 wm and wg = 200 pm are kept constant, but the
transverse slot length wg is allowed to change from 200, 400, and 600 wm. The
simulation results show that the frequency shifts from 30 to 20 GHz, as shown in
Fig. 6.4. By increasing the length of the transverse slot, the frequency response is
shifted to a lower frequency.
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Fig. 6.3 Simulated S-parameter of the unloaded unit EBG structure versus variation of the
transverse slot width ds [1]. Copyright/used with permission of/courtesy of IET

.......................

Magnitude (dB)

| —o—wy=400um | ...
—— W, = 600 um : :
-40 —_— —_——

0 10 20 30 40 50
Frequency (GHz)

.............................

Fig. 6.4 Simulated S-parameter of the unloaded unit EBG structure versus variation of the
transverse slot length wy

6.1.4 Modeling of the Unloaded EBG

An equivalent parallel LC circuit is used to model the unloaded unit EBG structure
as shown in Fig. 6.5. It consists of a series inductor and a parallel capacitor. From the
practical point of view, the unloaded unit EBG structure can serve as a replacement
for the parallel LC resonant circuits in many applications as it exhibits bandstop
characteristics [3]. To apply the unloaded EBG unit to the practical circuit, it is
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Fig. 6.5 Equivalent parallel resonant circuit for the unloaded unit EBG structure [1].
Copyright/used with permission of/courtesy of IET

necessary to extract the equivalent circuit parameters, which can be obtained from
the simulation results of the unloaded unit EBG structure. The lumped capacitance
C is mainly contributed by the transverse slot on the ground, while the inductance L
is related to the magnetic flux passing through the apertures on the ground.

The equivalent impedance equation of the single resonant model can be
expressed as

1\ !
Z = (ij + —) 6.1
JjoL

The resonant frequency of the parallel circuit is defined as

W) = — 6.2)

The 3-dB cutoff angular frequency, wc, can be determined by

1Sa1l| 2| (630)
— = —_— = — . a
21l jw=wc ZZO +z \/E
Substituting Eq. (6.1) into Eq. (6.3a), it can be further expressed as
27 1
1211 o= we = =— (6.3b)
2 1 2 V2
425 + (wccfl/wcL)
Substituting Eq. (6.2) into Eq. (6.3b), the capacitance can be obtained as
e
= —5+ 6.4
220 (0}~ ?) o
The inductance can be determined by
1
L=—— (6.5)

2
wyC
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To illustrate the parameter extraction procedure, a, wg, and ds (see Fig. 6.1) are
chosen so that a = 350 pum, wg = 200 pm, and dy = 60 pm.

The parameters of the equivalent circuit are extracted and presented in Table 6.1.
The circuit simulation results are obtained using the equivalent circuit parameters as
shown in Fig. 6.6. These are compared with the EM simulation results. The equiva-
lent circuit simulation results are in good agreement with the EM simulation results.
Thus, the derived equivalent circuit and the extracted parameters for the unloaded
EBG structure can be accurately adapted to design the practical circuits as well as
to analyze the dimensions of any proposed structures.

Table 6.1 Extracted equivalent circuit parameters for the unloaded unit EBG structure, with
different square aperture size a

ds =60 pm, wg=200 pm

Square aperture size, a (jLm) 350 500 600

Resonant frequency (GHz) 38.79 30.6 27.13

3-dB cutoff frequency (GHz) 29.12 21.92 18.78

Inductance (nH) 0.229 0.342 0.434

Capacitance (pF) 0.073 0.079 0.079
0
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Fig. 6.6 Comparison on parameter extraction and EM simulation results of the unloaded unit EBG
structure

The resonant frequency of the proposed unit EBG is affected by the variation
of the unloaded square aperture dimensions. Based on the tabulated results (see
Table 6.1) and the simulated results (see Fig. 6.2), it can be deduced that by vary-
ing from a = 350 to 600 m, the change in capacitances is merely 15%. This is
different from the case of inductance variation, where a variation as large as 178%
is observed. The inductance variation rate is nearly 10 times greater than that of
the capacitance. These observations prove that the dimension of the transverse slot
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is responsible for the parallel capacitor and the size of the square aperture relates
directly to the series inductor. The series inductance is significantly affected by the
size of the square aperture.

For the second design, only the width of the transverse slot ds is also allowed to
vary. Table 6.2 presents the extracted equivalent circuit parameters.

Table 6.2 Extracted equivalent circuit parameters of the unloaded EBG unit structure with
variation of the transverse slot width dj

ws = 200 pm, a = 500 pm

Transverse slot width, dg (Lm) 10 60 200

Resonant frequency (GHz) 25.48 30.6 37.98
3-dB cutoff frequency (GHz) 19.38 21.92 24.56
Inductance (nH) 0.339 0.342 0.357
Capacitance (pF) 0.115 0.079 0.049

The simulation result is shown in Fig. 6.3. From the case of d¢ = 10 wm to the
case of dg = 200 wm, the inductance varies by 5%, whereas the capacitance changes
by almost 57%. The capacitance variation rate is nearly 10 times greater than that of
the inductance. This again verifies that the dimension of the transverse slot controls
the capacitance and the size of the square aperture affects the inductance of the
equivalent circuit. Since the width of the transverse slot d is varied, the parallel
capacitance also changes accordingly.

6.1.5 Propagation Characteristics of the Unloaded Unit EBG

The unloaded EBG units are cascaded as a bandstop filter as shown in Fig. 6.7.
The propagation characteristic on the unloaded EBG is analyzed using Floquet’s
theorem [4]. By simply considering the unit structure, the EM simulation can be
used to obtain the dispersion diagram of the proposed unloaded EBG structure. The
propagation factor in this case is V2, where A = 2020 pwm is the period of the

EBG period =A

D— Transverse Slot

~Square Etched
Hole

Fig. 6.7 Schematic of unloaded EBG bandstop filter
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EBG structure, and y = o +jp is the complex propagation constant in the direction
of propagation that can be expressed as

1 [A+S1) (A = 52) + 8512521 + (Zo1/Z02) (1 — S11) (1 + $22) + 12521 ]
y = Xcosh s (6.6)
21

where Zy; and Z, are the impedance of ports 1 and 2 which is 50 2 in the design.

The scattering matrix of the mth mode propagating in the z-direction is calculated
using full-wave simulator Zeland IE-3D [4]. The normalized phase constant §/kq
and the attenuation constant «/ko of a single EBG unit are illustrated in Fig. 6.8.
When /ky is close to the Bragg condition (8 A = =), the signal is strongly atten-
uated. The stopband is very wide and the propagation of any signal with frequency
inside it is prohibited. It can also be seen from Fig. 6.8 that considerable rejection is
expected in the stopband, when the number of units is increased. There is a signif-
icant rise in the loss factor in the stopband due to radiation. Simulation results of a
higher frequency range (i.e., larger than 43 GHz) are unfavorable compared to those
of a lower frequency range (i.e., less than 18 GHz).

Phase constant, /K,
Attenuation constant o/K

Frequency (GHz)

Fig. 6.8 Simulated dispersion diagram of unloaded EBG structure with ds = 60 and a = 500 [1].
Copyright/used with permission of/courtesy of IET

The complex characteristic impedance, Z. = Re(Z.) +jIm(Z;), can be explicitly
calculated in terms of the ABCD matrix with the elements A, B, C, and D:

B
Z=\¢ 6.7)

when the ABCD matrix is converted to S-parameters, the complex characteristic
impedance can be expressed as
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(6.8)

(1+811) (1 +822) — 12521
Ze =2y
(1 =81 (1 = 822) — S12821
where Z is the characteristic impedance which is 50 Q2. At the low-frequency range,
Re (Z.) starts to rise slowly from 72 €2 in an exponential way, while Im (Z;) is
kept to zero. When the frequency increases, the bandstop occurs, Re (Z.) and Im
(Z.) become infinite as shown in Fig. 6.9. For the uniform CPW characteristic, the
impedance is 48 €2 throughout the frequency range.

N
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Fig. 6.9 Simulation results of complex characteristic impedance of the unloaded unit EBG struc-
ture [1]. Copyright/used with permission of/courtesy of Institute of Physics and IOP Publishing
Limited

6.2 Loaded EBG Bandstop Filter

In this section, the loaded unit EBG structure is shown in Fig. 6.10. A ring slot is
etched in the ground plane with side length @ and ring width ;. The ring slot is
connected to the gap by a narrow transverse slot with length wg and width d. In
addition, a square-etched hole with side length b is etched in the center of the ring
slot. Compared to the EBG structure without a center-etched hole (i.e., unloaded),
the proposed EBG structure includes a ring slot and a square-etched hole and hence
is named as loaded EBG structure.

When the side length of the square-etched hole and the ring slot side length are
equal (i.e., at b = a), the square-etched hole and the ring slot merge to form a
square aperture and then the unit cell becomes the unloaded EBG structure. Next,
the effect of the dimensions of the square-etched hole (i.e., side length b) on the
frequency characteristic, the equivalent circuit model, and the dispersion diagram
of the loaded EBG is discussed.
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Fig. 6.10 Schematic of loaded unit EBG structure [1]. Copyright/used with permission of/courtesy
of IET

6.2.1 Effect of the Square-Etched Hole

In this section, four different sets of dimensions are designed. The square aperture
size a is 500 pm x 500 pwm and the dimension of transverse slot is maintained at
dy = 60 pm and w = 220 pm for all the four different designs. A center-etched
square hole is added in the area of the unloaded square aperture (see Fig. 6.10).
While the width of the ring slot rg is chosen at 30 wm for all the four designs,
the length of the square-etched hole, b, is set at 0, 200, 380, and 440 pm, respec-
tively. Based on the simulation results as shown in Fig. 6.11, all the three designs
with b = 0, 200, and 440 wm exhibit similar behavior except for the design of
b = 380 pwm. The resonant frequencies for all the four designs are almost iden-
tical, but the frequency response begins to drift after the resonant frequency. The
loaded structures in the square aperture area are the main contributor to such a vari-
ation. It is widely known that low insertion loss and high return loss are expected in
the passband of the bandstop filter. An optimum width of the square-etched hole
(i.e., at b = 380 pm) can clearly be deduced from Fig. 6.11 where the return
loss is the highest and the insertion loss is the lowest among all the four different
designs.

The existence of the loaded structure in the square aperture perturbs the whole
circuit, which implies that the transverse slot is no longer the only factor contribut-
ing to the equivalent capacitor. Likewise, the square aperture can no longer act as the
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Fig. 6.11 Simulated S-parameters of the loaded unit EBG structure versus different center slots
within the ring b [1]. Copyright/used with permission of/courtesy of IET

main determining factor to the equivalent inductor. Therefore, the additional struc-
ture in the square aperture area can significantly improve the passband insertion loss
as well as the return loss. Single resonant equivalent circuit is no longer effective to
model such a loaded structure.

6.2.2 Modeling of the Loaded EBG Structure

In the previous section, the single resonant parallel LC circuit model is employed to
model the unloaded unit EBG structure. In the case of the loaded EBG unit, such
a model would not be accurate. When the single resonant circuit model is used as
shown in Fig. 6.12 the simulation results for the insertion and return losses can-
not match with the EM simulation results, especially when the frequency becomes
greater than the resonant frequency.

As a result, the loaded EBG unit has to be modeled using a different circuit.
By cascading two parallel resonant circuits, the loaded unit EBG structure can be
represented in Fig. 6.13.

The equivalent impedance of the cascaded parallel resonant circuits can be
expressed as

1 \! 1 \"!
Z=\|joCi + — + | joCr + —— (6.9)
JjoLy JoLy

where subscripts “1” and “2” denote the two different resonant circuits. The
reflection coefficient, Sy, is defined as
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Fig. 6.12 Comparison on parameter extraction and EM simulation results of the loaded unit EBG
structure [1]. Copyright/used with permission of/courtesy of IET
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The maximum value of |S11| can be obtained by differentiating it with respect to
the angular frequency, w, and the two roots obtained are

1 _1
w; = (L1C1)" 2, wy = (L) 2 (6.11)
The insertion loss is given by
27y 270

270 + z) - ; 1 1 >
45 + (wle Tol; T aCo= 1/sz)

By differentiating S, the first notch angular frequency, w,, can be obtained as

(6.12)

1521 =‘

Fig. 6.13 Equivalent circuit for a unit cell of the cascaded parallel resonant EBG structure [1].
Copyright/used with permission of/courtesy of IET
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VL1 + Ly

Wy = (6.13)
Ji/ @3+ Lo o}
The 3-dB cutoff angular frequency, o, can be determined as
27y 1
1921l p=0. = =— (6.14)

2 /2
2 1 1
\/420 + (wccl— 1/wcLy + w.Cr— l/wcL2>

From Egs. (6.11), (6.13), and (6.14), the equivalent circuit parameters can be
extracted, whereby

1y = 2l o) 0F ~ot) 0} ~at) 615
weo] (03 — of) (0 — o)
and
1y = 2000 03) (0 —2) (3 ) oo
wews (03 — o) (0 — )
The capacitance values can be obtained as
Ci=1/wll, Cr=1/wils 6.17)

All the four parameters L, L, C1, and C; can be calculated using Egs. (6.15),
(6.16), and (6.17), respectively.

To illustrate the parameter extraction procedure, the values of a, rg, wyg, dg, and b
are selected as 500, 30, 220, 60, and 380 pwm, respectively. The parameters for both
the single resonant circuit model and the cascaded circuit model are extracted and
summarized in Table 6.3.

Table 6.3 Extracted equivalent circuit parameters of the loaded EBG unit structure

ds= 60 pm, wg= 220 pwm, a = 500 pm,

rs= 30 wm
Square-etched hole, b (jum) 0 200 380 440
First resonant frequency (GHZ) 29.24 29.24 29.24 29.19

First 3-dB cutoff frequency (GHz) 22.42 2242 23.20 22.34
Second resonant frequency (GHz) 81.77 81.42 77.26 71.77

First notch frequency (GHz) 66.67 66.67 60.76 65.13
Single resonant model ~ L(nH) 0.285 0.285 0.243 0.286
C(pF) 0.104 0.104 0.123 0.103
Cascaded model Li(nH) 0.282 0.282 0.243 0.285
C1(pF) 0.105 0.105 0.122 0.104
Lr(nH) 0.023 0.022 0.028 0.021

C2(pF) 0.168 0.172 0.152 0.195
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In order to determine the suitability of the two models for the loaded EBG struc-
ture, simulation results of the single resonant and cascaded models are shown in
Fig. 6.12. The cascaded circuit simulation results are in good agreement with the
EM simulation results at frequency which is below the notch frequency (i.e., at
60.76 GHz). However, the simulation results for the single resonant circuit model
drifts always from the EM simulation results after 40 GHz. Therefore, the cascaded
circuit model is more appropriate than the single resonant circuit model for the
loaded EBG structure and is valid up to the first notch frequency. The extracted
equivalent circuit parameters are simulated in Fig. 6.12. The parameters of the sin-
gle and the cascaded resonant model are listed in Table 6.3. For frequencies below
the first notch frequency, the resonant circuit of Fig. 6.13 with the parameters L;
and C; are dominated and compared with the parameters L, and C;.

For the design of parameters L; and Cj, the resonant frequency of the proposed
circuit does not vary with the change in size of the loaded square-etched hole varies.
The extracted parameters for the three designs of b variations, i.e., b = 0, 200, and
440 pm, are almost the same. However, a significant difference is noted for the case
when b = 380 pm. The capacitance Cj is increased by 18% while the inductance L
is decreased by 15% with the same resonant frequency. The increase in capacitance
and the decrease in inductance imply that the greater the amount of signals pass
through the circuit for both higher and lower frequencies, the lesser the amount of
signals get reflected.

This characteristic is desirable in the passband design for the bandstop filters.
From both the EM simulation results and the equivalent circuit extraction param-
eters, the optimum value of the square-etched hole width is that value among all
the valid width values for the unit EBG at which the passband performance is the
optimum and, for this case, this optimum value is » = 380 pm.

6.2.3 Propagation Characteristics of the Loaded Unit EBG

The loaded bandstop filter is designed by cascading the loaded EBG units as shown
in Fig. 6.14. The dispersion diagram for the loaded EBG periodic structures, which

Gt
G!

CPD— Transverse Slot

Ring Slot
B Square Etched
Hole

Fig. 6.14 Schematic of loaded EBG bandstop filter
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is also known as Brillouin diagram, is useful in analyzing the guided and leaky wave
characteristics of the structures. The period of the loaded structure is the same as that
of the unloaded EBG. The shaded region from 18 to 42 GHz shows that the electro-
magnetic wave is prohibited in the periodic structures as shown in Fig. 6.15. There
exists a spurious peak in the phase constant curve obtained through the EM simula-
tion and can be overcome by increasing the mesh resolution. The band gap region
of the loaded EBG is smaller than the unloaded EBG. The complex characteristic
impedance of the loaded structure is shown in Fig. 6.16.

\ 0

4 Brillouin zone

Phase constant, §/K,,
Attenuation constant, o/K,

Frequency (GHz)

Fig. 6.15 Simulated dispersion diagram of the loaded unit EBG structure [1]. Copyright/used with
permission of/courtesy of IET

N
a
o

——Re (Z,)
~-=-1m (Z,)
—o— Uniform CPW

N

[=]

o
1

150 A

100 A

a
o
|

Complex characteristic impedance, Z (ohms)

—
15 20 25 30 35 40
Frequency (GHz)

o
Y
o

Fig. 6.16 Complex characteristic impedance of the loaded unit EBG structure
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The response of the Re (Z;) and Im (Z;) impedance is almost identical with
that of the unloaded structure, because it is also a periodic structure but with some
geometrical differences.

6.3 Experimental Results and Discussions

Based on the equivalent circuit and the extracted parameters for the unit EBG
structures (both unloaded and loaded), bandstop filters are designed and fabricated
using the proposed EBG unit structure [1, 5, 6]. The bandstop filters are fabricated
using surface micromachining fabrication process. The process begins by growing
a 0.5-pum-thick SiO; layer on a 200-pm-thick high-resistivity silicon substrate that
serves as a buffer layer. A 1.5-pm aluminum layer is evaporated on the buffer layer
to define the structure. Photoresist coating and device patterning are performed.
Finally, aluminum thin film is removed using wet etching process. Only one mask
is needed for the filters fabrication.

6.3.1 Unloaded EBG Bandstop Filter

Figure 6.17 shows the SEM image of the unloaded EBG filter which consists of
three EBG unit structures and a CPW transmission line. The three cascaded unit
structures are periodically placed apart at a distance of 2020 pwm, which is half of
the guided wavelength of the CPW at 30 GHz. The design parameters of the filter
a, ws, and d are presented in Table 6.2 and the measurement results are shown in
Fig. 6.18

The measurement result shows that the 20-dB stopband range is from 24.4 to
40.6 GHz. The stopband return loss is less than 2 dB. The return loss is greater
than 10 dB for the lower passband and is 6 dB for the higher passband. The lower
passband insertion loss is less than 2 dB and the higher passband insertion loss is
below 5 dB.

Fig. 6.17 SEM image of the
unloaded EBG bandstop filter
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Fig. 6.18 Comparison of measurement and the simulation results (EM and circuit simulations) of
the unloaded EBG bandstop filter [1]. Copyright/used with permission of/courtesy of IET

6.3.2 Loaded EBG Bandstop Filter

Figure 6.19 shows the SEM image of the loaded EBG filter which consists of three
loaded EBG unit structures and a CPW transmission line. The design parameters of
the loaded EBG a, rs, ws, ds, and b are presented in Table 6.3. The measurement and
simulation results of the EBG bandstop filter are compared as shown in Fig. 6.20.
The simulation results and the equivalent circuit are in good agreement with the
measured results, which show the validity of the proposed equivalent circuit.

1rm

Fig. 6.19 SEM image of the loaded EBG bandstop filter [1]. Copyright/used with permission
of/courtesy of IET
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Fig. 6.20 Comparison of the measurement and simulation results of the loaded EBG band-stop
filter [1]. Copyright/used with permission of/courtesy of IET

The measured results show a relatively wide 20-dB stopband from 24.8 to
38 GHz with the return loss of less than 2 dB. For the passband, the return loss
is higher than 10 dB except for those at the higher frequencies. The lower passband
insertion loss is less than 2 dB and the higher passband insertion loss is less than
4.5 dB. The measurement results of the loaded and the unloaded EBG bandstop fil-
ters are compared as shown in Fig. 6.21. Except for the 20-dB stopband width, it is
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Fig. 6.21 Comparison of the measurement results of the loaded and unloaded EBG bandstop
filters
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noted that the performances of the unloaded EBG bandstop filter are more inferior
compared to the loaded EBG bandstop filter in all aspects. In particular, the higher
passband performances of the loaded EBG filter are better than the unloaded EBG
filter.

The reason for this improvement lies in the equivalent inductance of the loaded
unit EBG structure, which is much lower than the unloaded unit EBG structure. As
for the equivalent capacitance, the loaded unit yields a higher capacitance than the
unloaded unit. It is noted that both the passband insertion loss and the stopband
return loss characteristics are very flat and contain less than 0.2 ripples for the two
different filter designs.

6.4 Design of Tunable Bandstop Filter

The bandstop filter consists of the cascaded unit EBG. The number of the cascaded
EBG units depends on three different factors such as insertion loss, rejection level,
and bandwidth. Figure 6.22a, b shows that the rejection level and the bandwidth
increase with the number of the unit EBG cells, which also leads to an increase of
the insertion loss because of higher conductor loss. Based on the optimum design,
the bandstop filter with three unit EBG cells has a high rejection level of 40 dB with
insertion loss of 0.45 dB.

In the tunable EBG bandstop filter, the CPW transmission line has a signal strip
with a width of 70 pwm and a gap width of 115 pm as shown in Fig. 6.23. The
transmission line has high impedance of 65 2. This is because the dimension of
the CPW is designed by taking into account of the periodical loading effects of
MEMS capacitive bridges. There are a total of eight micromachined bridges in each
transmission line between the two EBG s