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ABSTRACT OF THE THESIS
RF MEMS DC Contact Switch for Reconfigurable Antennas
by
Lei Zhou
Master of Science
San Diego State University, 2006
RF MEMS switches have experienced increased use for telecommunication
application in the last ten years due to their high performance compared to other
microelectronic switches. A design of the DC contact RF MEMS switch was proposed in
this thesis. The design was optimized in the terms of activation mechanism, which included
switch beam thickness, beam gap and materials. The pull-in voltage, contact and hystersis
were analyzed with commercial CAD finite element analysis software such as CoventorWare
and COMSOL. Further, modal analysis and squeezed film damping analysis are carried.
The electromagnetic performance in terms of scattering parameters, insertion loss, and
isolation were also analyzed with commercial software such as EM3DS and Sonnet. We
achieved low insertion loss –0.02 dB at 40 GB and high isolation –75 dB @ 1 GHz and –50
dB @ 40 GHz. The optimized design was microfabricated by PolyMUMPS process.
The applications of such RF MEMS switches in reconfigurable antennas were
demonstrated in a quarter-wavelength dipole antenna array and patch antenna arrays. It is
found that by controlling the ON/OFF of the MEMS switches, the resonance frequency, and
far field radiation pattern can be well reconfigured.
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CHAPTER 1
1. INTRODUCTION
Over the past several years, RF MEMS such as switches, varactors, inductors etc.
have become technologically and economically competitive enough to enter the market
place. Miniaturized high frequency circuits with high system integration and low cost for
personal use become only possible with the advent of the RF-MEMS technology, which is
using MEMS technology to fabricate the integrated RF circuits. MEMS (Micro-ElectroMechanical Systems) is the integration of mechanical elements, sensors, actuators, and
electronics on a common silicon substrate through microfabrication technology. The
microfabrication process normally involves a lithography-based micromachining, fabricated
on batch basis, which offers great advantages of low cost when manufacturing in large
volume.
MEMS technology demonstrated versatile applications in biology, life science,
aerospace and telecommunication for their unique and superior characteristics. Particularly,
recent and dramatic development of personal communication devices have brought the signal
frequency up to millimeter and microwave range. The high precision fabrication technology
(bulk micromachining and surface micromachining) of MEMS offers micro-level fine
features, system integration capacities, and provides the unique performance in insertion loss,
bandwidth for the micro components such as RF switches, tunable capacitors and inductors.
Among them, surface micromachined RF MEMS switches exhibit superior performance at
higher frequency compared to the conventional microelectronic RF switching technology
such as PIN diode and GaAs based FET switches.
RF MEMS switch, in essence, is a miniaturized version of the venerable toggle
switch. From a mechanical point of view, MEMS switches can be a thin metal cantilever, air
bridge, or diaphragm; from RF circuit configuration point of view, it can be series connected
or parallel connected with an RF transmission line; The contact condition can be either
capacitive (metal–insulator–metal) and resistive (metal-to-metal) and designed to open the
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line or shunt it to ground upon actuation of the MEMS switch. Each type of switch has
certain advantages in performance or manufacturability.
Such switches have displayed excellent RF characteristics, including lower insertion
loss, higher isolation, zero power consumption, small size and weight and very low
intermodulation distortion, and long battery life. The maximum frequency of the RF carrier
is limited only by the maximum MEMS operation frequency, which with today’s technology
is about 60 GHz. The minimum control signal period is determined by the maximum
switching speed of the MEMS, determined by the switch's physical dimensions and material
properties. Typical switching rate with today’s technology is about 40 kHz.
RF MEMS switches are ideal elements for reconfigurable antennas. One of the goals
of antenna design is to minimize the reactance of the device by operating the antenna at its
resonant frequency. RF MEMS switches can be used in antenna design to modify the
resonance frequency by physically changing electrical length (with respect to wavelength)
attributed to capacitive and inductive reactance.
Reconfigurable antennas using RF MEMS switches have unique advantages. They
offer very low loss switching. This means that bias network for RF MEMS switch, which
can be extensive in large antenna arrays, will not interfere and degrade the antenna radiation
patterns.
In this thesis, the rapid development of RF MEMS switch technology and their
application in reconfigurable antennas are extensively reviewed; the design of an
electrostatically activated DC contact RF MEMS switch is proposed and optimized with
consideration of switch size, thickness and materials; followed by electromechanical and
electromagnetic analysis with commercially available CAD software package. Design of
reconfigurable antenna array is demonstrated using such a MEMS switch. Electromagnetic
analysis demonstrated the reconfigurability in resonance frequency, radiation pattern and
directivity. The optimized design was microfabricated by PolyMUMPS foundry, a multiuser foundry service.
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CHAPTER 2
2. LITERATURE REVIEW
The development and motivation of MEMS and RF MEMS are introduced briefly.
RF MEMS switches are then compared to existing switching technology. Existing RF
MEMS switch fabrication and applications will be briefly discussed. The current
developments of application of RF MEMS switches in reconfigurable antennas are reviewed.

2.1. MEMS AND RF MEMS SWITCH
The field of MEMS evolved from the integrated circuit industry. The most intrinsic
characteristics are miniaturization, microelectronics integration and precise mass production.
MEMS technology makes it possible to fabricate electromechanical and microelectronics
component in a single small device ranging from 1 µm ~ 1 cm. The reduction in dimension
of electromechanical systems offers advantages such as soft spring, high resonance
frequency and low thermal mass, and leads to dramatic decrease in power consumption. In
MEMS, while the electronics are fabricated adopting integrated circuit (IC) process
sequences, the micromechanical components are fabricated using compatible
"micromachining" processes that selectively etch away parts of the silicon wafer or add new
structural layers to form the mechanical and electromechanical devices. The mechanical
sensor and actuators with electronic processors and controllers can be fabricated in a single
substrate in an unbroken, wafer-level process flow and integrated in chip level. The accurate
dimension and placement precision is guaranteed by lithography. The batch-based
fabrication process has the potential to scale up in large volume and reduce the cost and
improve the yield and reliability significantly [1-2].
The first practical application of MEMS technology were implemented in products
such as tire pressure sensors as early as 1950’s and now have developed into mass production
of automotive airbag sensors (accelerometers) and avionics equipment [3]. Since 1970s,
MEMS–based sensors such as pressure and temperature sensors, accelerators, and gas
chromatographs have been developed.
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The integration of MEMS technology in RF circuitry fabrication, leads to
revolutionary progress in miniaturization, superior performance and lower manufacturing
cost. These superior performance made their ways on a wide array of commercial,
aerospace, and defense application areas, including satellite communications systems,
wireless communications systems, instrumentation, and radar systems.
RF switches are the most common and basic circuit elements. Current solid-state RF
technologies (PIN diode- and FET- based) are utilized for their high switching speeds,
commercial availability, low cost, and ruggedness [4]. This technology reached its maturity
in areas such as device design, fabrication, packaging, applications/system insertion and,
consequently, high reliability and well-characterized performance. Some parameters, such as
isolation, insertion loss, and power handling, can be adjusted via device design to suit many
application needs. In spite of this great design flexibility, there are two major bottlenecks
with solid-state switches: breakdown of linearity and frequency bandwidth upper limits, and
the degradation of insertion loss and isolation at signal frequencies above 1-2 GHz.
By utilizing electromechanical architecture on a miniature- (or micro-) scale, MEMS
RF switches combine the advantages of traditional electromechanical switches (low insertion
loss, high isolation, extremely high linearity) with those of solid-state switches (low power
consumption, low mass, long lifetime). While improvements in insertion loss (< 0.2 dB),
isolation (> 40dB), linearity (third order intercept point > 66dBm), and frequency bandwidth
(dc-40GHz) are remarkable despite the fact that RF MEMS switches are slower and have
lower power handling capabilities. All of these advantages, together with the potential for
high reliability and long lifetime operation, make RF MEMS switches a promising solution
to existing low-power RF technology limitations [5].
In 1990-1991, under support of DARPA (Defense Advanced Research Project
Agency), L. Larson at Hughes Research Labs in Malibu, CA developed the first MEMS
switch (and varactor) that was specially designed for microwave application [6]. It
demonstrated excellent performance up to 50 GHz, which is far better than GaAs devices,
despite poor yield and no reliability. Research in RF MEMS switches has continued by
industry, university and government laboratories since then. In 1995, Rockwell Science
Center developed a metal-to-metal contact switch [7] suitable for DC-60GHz, while Texas
Instruments developed a capacitive contact shunt switch [8], also known as Raytheon shunt
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switch, suitable for 10-120 GHz applications. Pacheco and Nguyen research groups at
University of Michigan developed low-voltage capacitive shunt switches using low spring
constant beam in 1998 [9], and Rebeiz’s group also developed low-height high-springconstant Ti/Gold switch [10][11] and an inline metal-to-metal contact shunt switch for high
isolation at DC-20 GHz [12]. A few examples of published DC-contact series MEMS
switches are shown in Figure 1. Milanovic et al. at University of California, Berkeley
transferred MEMS switches from low receptivity silicon substrate to a quartz substrate. This
allows the MEMS switch fabricated using standard CMOS techniques and then transferred to
a microwave-compatible substrate [13-14]. A push-pull series switch design was proposed
independently by Hah [15], Chiao [16], and Milanovic group to solve the trade-off between
the high isolation (requiring large beam-to-substrate distance) and low activation voltage
(demanding a low beam-to-substrate distance). Besides, Northeastern University [17,18],
MIT Lincoln Labs [19], Columbia University, Analog Devices, Northrop Grumman, and
many more, are actively pursuing RF MEMS devices. By 2001, more than 30 companies
joined the game including the giant consumer electronics firms such as Motorola, Analog
Device, Samsung, Omron, NEC and ST-Microelectronics. A more detail and classic review
on these switches is given in references [20, 21].
Nowadays, more MEMS switch, capacitors, inductors are reported to be integrated to
make various RF devices. Devices such as phase array phase shifter, switching and
reconfigurable networks and low power oscillator and varactors are actively pursued and
manufactured for wireless communication industries [22-29].
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(a) Rockwell Scientific [6]

(c) MIT Lincoln Lab [19]

(b) University of Michigan [8]

(d) Northeastern University/
Analog Devices [17]

Figure 1. Examples of RF MEMS DC-contact switches.
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2.2. RF MEMS SWITCH AND RECONFIGURABLE ANTENNAS
Antennas with capability to change their radiation characteristics adaptively
are generally called reconfigurable antennas. These have been conventionally pursued for
satellite communication applications, where it is often required to change the broadcast
coverage patterns to suit the traffic change. Sometimes it also refers to tuning frequency
characteristic. These antennas also find applications in the widely proliferating
telecommunications scenario, where the same antenna could be shared between various
functions (requiring frequency switching), or the antenna radiation characteristics could be
altered as done in smart antennas, currently using signal-processing techniques. However, the
current systems are not capable of handling the exponential increase in traffic. In addition to
satellite antennas, reconfigurable antenna systems find applications in collision avoidance
radars. These being of low power requirements are readily amenable to MEMS based
fabrication technology. MEMS based antennas can be made multi-functional with each of the
frequency bands designed for one application. For simpler wire type resonant antennas this
can be achieved by adjusting the length of the antenna. For low power applications, MEMS
switches are used to connect antenna segments to make antenna ‘reconfigurable’.
Integration of MEMS technology with antenna technology makes the antennas
smaller, smarter and cheaper, thereby meeting the demands of rapid development of personal
communication market. As commonly known, signal wavelength reduces with increasing
frequency, and when the circuit is much shorter than the wavelength of the signal, the rate at
which it radiates energy is proportional to the size of the current, the length of the circuit and
the frequency of the alternations. In most circuits, the product of these three quantities is
small enough that not much energy is radiated, and the result is that the reactive field
dominates the radiating field. Most practical antennas are specially designed to radiate
efficiently at a particular resonant frequency. In designing a small size antenna there is
always a compromise between size, bandwidth, and efficiency. Reconfigurable antenna
architecture makes very efficient use of limited area by taking advantage of combined
multiple functions in one single antenna. This results in significant reduction in the area
occupied by the multiple antenna elements with enhanced functionality and performances.

8
Reconfigurable antennas using RF MEMS switches show unique advantages [22,23].
The use of MEMS switches has provided a reliable alternative to semiconductor devices.
MEMS switches have higher Q compared to semiconductor devices. There are still problems
to be solved such as MEMS switches reliability and packaging.
The references on reconfigurable antenna structures are listed in [24-29]. Figure 2
summarizes a few examples of reconfigurable antennas configuration. As shown in Figure
2(a), three-cactus antenna elements were integrated with RF MEMS switches to create a
diversity antenna, three MEMS switches located on CPW feed lines were employed for
selection (or switched) diversity combining, where only one particular signal branch at a
given time is selected and is connected to the receiver. Selection diversity schemes with oneport antenna systems offer economical and practical advantages over multi-port diversity
schemes where maximum ratio combining is typically used. By selecting the ON and OFF
states of the switches, we can either activate a particular single antenna or create a
superposition radiation pattern by activating more than one antenna.
Shown in Figure 2(b) is the spiral antenna consists of five sections that are connected
with four RF-MEMS switches (S1 ~ S4). One characteristic of the spiral antenna is
that the maximum beam direction can be changed by physically changing its arm length thus
providing tilted beam radiation with respect to its center axis. Li and Flaviis at University of
California Irvine had demonstrated that a reconfigurable scan-beam spiral antenna could be
fabricated on traditional microwave substrates such as PCB (printed circuit board) [25].
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(a) Three-cactus antenna elements [24]

(b) Spiral loop antenna [26]

Figure 2. Illustration of a few published reconfigurable antennas. (a) Three elements;
(b). Spiral loop antennas
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CHAPTER 3
3. DESIGN OF RF MEMS DC-CONTACT SWITCH
3.1. ILLUSTRATION OF A DC CONTACT MEMS SWITCH
In general, to design a RF MEMS electrostatic activated switch, the structure of the
switch beam must be chosen so as to produce the lowest possible insertion loss, the highest
possible isolation, the highest possible switching frequency, and lowest possible actuation
voltage. The insertion loss will be affected by mismatch loss, which comes from the beam
characteristic impedance being different from 50 Ω as well as losses in the beam metal and
contact resistance loss. The beam-to-substrate separation that defines the parasitic
capacitance, on the other hand, will affect the isolation. Table 1 lists the design goal of the
MEMS switch in this work.
Table 1. Design specification of DC MEMS switch.
Signal
Frequency
(GHz)
DC~40

Up-state

Switching
frequency
(kHz)

capacitance

30

4~6

(fF)

Isolation

Insertion loss

Activation

(dB)

(Ω)

Voltage (V)

-40

0.2~0.5

2~5

Figure 3 illustrates the basic design of a DC contact switch beam on a shorted CPW
line by CAD software called CoventorWare. As shown, the switch is built on surface of a
coplanar waveguide transmission line; two larger test pads are on the two ends of the CPW
transmission line for the input and output signal. The electrostatic actuation mechanism is
chosen in this design, with two bottom actuation electrodes of size 2 ×80 ×120 µm2. As
shown, the switch beam is the key element of the switch, its geometry, size, thickness and
materials and gap to CPW plane determine the activation voltage and signal transmission
efficiency.
The MEMS design involves: (1) design of a coplanar waveguide transmission line
with Z0 = 50 Ω characteristic impedance and short circuit gaps; (2) design of a switch beam
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with optimized spring constant, materials and beam gap height to reduce the activation
voltage with reasonable isolation. These design consideration will be discussed in detail in
next section.

CPW
Switch Beam
Test Pad
Substrate
Electrode
Area

Figure 3. The scheme of RF contact switch.

Figure 4. Web calculator showing schematic of a conventional CPW and dimension
parameters for a characteristic impedance of 50 Ω. [31]
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3.2. DESIGN CONSIDERATION
3. 2. 1. Design of a Coplanar Waveguide
Coplanar waveguide (CPW) is a one-sided three-conductor transmission line.
Coplanar waveguide have two grounds in the same plane of center conductor, reducing the
coupling effects and allows for easy inclusion of series and shunt elements. Since microwave
integrated circuits are basically coplanar in structure, coplanar waveguide lines are used
widely as circuit elements and as interconnecting lines. At millimeter-wave frequencies,
coplanar waveguide offers the potential of lower conductor and radiation losses as compared
to microstrip lines. Coplanar waveguide also allows for varying the dimensions of the
transmission line without changing the characteristic impedance.
An approximate formula [30], for the characteristic impedance of the coplanar
waveguide, assuming t is small, 0<k<1, and h>>w, is

  1 + k 

Z0 =
ln 2
(ε r + 1) / 2   1 − k 
30π 2

where k =

−1

Ohms Eq. (3-1)

w
, and w = center strip width; s = slot width; εr = relative dielectric constant
w + 2s

of the dielectric substrate.
An empirical equation [30] for effective relative dielectric constant εre of Eq. 3-1 is

ε re =

(0.25 + k ) 
h

 kw 
 tanh1.785 log w + 1.75  + h  0.04 − 0.7k + (1 − 0.1ε r ) 100  Eq. (3-2)






ε r +1 
2

As shown in Figure 4 [31], the Silicon substrate of εr = 11.8 was chosen, and CPW
center conductor width w = 20 µm and ground spacing s = 11.8 µm, nearly thickness is 1 mm
and nearly infinite compared to width. The effective dielectric constant is 6.4.
Figure 5 illustrates the 3D view of CPW and CPW with 20 µm (b) and 40 µm
separation. Microwave parameters that should be optimized for any RF switch are the
insertion loss, isolation, and switching frequency and return loss. The insertion loss is due to
mismatch the characteristic impedance of the line and switch. The contact resistance and
beam metallization loss will also contribute to the insertion loss. Switch influence on these
microwave parameters will be discussed more in detail in Chapter 4.
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(a) CPW

(b) CPW with 20 µm separation
(

(c) CPW with 40 µm separation

Figure 5. 2D view of coplanar waveguide and short circuit separation. (a). CPW; (b)
CPW with 20 µm separation; (c) CPW with 40 µm separation by EM3DS

3. 2. 2. Activation Mechanism
Electrostatic Actuation

When the voltage is applied between a fixed-fixed or cantilever beam and the pulldown electrode, an electrostatic force is induced on the beam. The electrostatic force applied
to the beam is found by considering the power delivered to a time-dependent capacitance and
is given by

1 dC ( g )
1 ε WwV 2
Fe = V 2
=− 0 2
2
dg
2 g

Eq. (3-3)

where V is the voltage applied between the beam and electrode. Ww is the electrode area.
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The electrostatic force is approximated as being distributed evenly across the beam
section above the electrode. Equating the applied electrostatic force with the mechanical
restoring force due to the stiffness of the beam (F= Kx),
1 ε 0WwV 2
= k ( g0 − g )
2 g2

Eq. (3-4)

Where g0 is the zero-bias bridge height. At (2/3g0), the increase in the electrostatic
force is greater than the increase in the restoring force, resulting in the beam position
becoming unstable and collapse of the bam to the down-state position. The pull-down (also
called pull-in) voltage is found to be

V p = V (2 g 0 / 3) =

8k
3
g0 =
27ε 0Ww

8k
3
g0
27ε 0 A

Eq. (3-5)

As shown in Eq. (3-5), the pull down voltage depends on the spring constant of beam
structure, and, beam gap g0 and electrode area A. To reduce the actuation voltage, the key is
beam structure of low spring constant k. The pull-in voltage was investigated in terms of
beam structure (different k), beam thickness, gap and beam materials.
Spring constant of fixed-fixed beam and low k design

Fixed-fixed beam with different spring constants considered in this thesis are shown
in Figure 6. As shown, Figure 6 (a) is a fixed-fixed beam; the spring constant is calculated to
be 16.6 N/m for Gold; Figure 6(b), (c) and (d) are low k design with meander structures. The
spring constant k calculation of such beam structures can be complicated and details of the
most commonly used low k beam design for MEMS application and the relevant equations of
spring constant k are included in Appendix A. The spring constant k of structure (b) and (d)
is estimated to around 5.91 N/m and structure (c) is 2~3 N/m.
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(a)

(b)

(c)

(d)

Figure 6. The beam structure of different spring constant.

beam

Gap
Bottom electrode
Figure 7. Cross-section scheme of the beam

Table 2. Materials properties

Young’s Modulus,

Poisson

Electrical

E (GPa)

Ratio,ν

conductivity (Sm-1)

Gold (Au)

57

0.35

45.16 ×106

Copper (Cu)

128

0.36

59.6×106

Nickel (Ni)

180

0.31

14.4 ×106

Aluminum (Al)

77

0.3

37.8×106

Materials
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It is worth pointing out that the effects of residual stress can be dominant on the low-k
beams and it is best analyzed using commercial software package. Also, low-k beams have
low restoring forces therefore are very sensitive to stiction due to moisture and contaminants.

Beam Materials

The metal beam needs to sustain the major mechanical deflection and be a perfect
conductor. Gold, Copper, Nickel and Aluminum are most commonly used electrical
materials in microfabrication and chosen due to their Young’s Modulus, electrical
conductivity and manufacturability. Table 2 shows the materials properties of these
materials.

3.3. MICROFABRICATION FOR RF MEMS SWITCH
The physical construction of the RF MEMS normally starts with 2D mask layout and
microfabrication such as substrate cleaning, deposition, lithography, etching, and surface
micromachining. This research focuses on design and optimization of device by commercial
software such as CoventorWare[32] and COMSOL Multiphysics[33].
CoventorWare supports both system level (Architecture Module) and physical
approach to designing a MEMS device. Physical approach (Designer Module) starts with a
2-D layout, which representing MEMS device geometry. It includes the current existing
MEMS processing technology. The layout, together with a process description (process
editor), is used to build a solid model. Figure 8 illustrated the major steps to create a DC
contact MEMS switch including (a) creates a coplanar waveguide; (b) deposit a dielectric
layer on the activation electrodes and (c) creates a suspending switch beam. Major
electromechanical simulation are based this solid model in the terms of beam size, shape, gap
height, materials. The optimized design was submitted to PolyMUMPS foundry for
microfabrication.

3.3.1. MEMS Foundry: PolyMUMPS Process
PolyMUMPs is the industry's longest-running MEMS multi-project wafer service.
PolyMUMPs is a three-layer polysilicon surface and bulk micromachining process, with two
sacrificial layers and one metal layer. Eight mask levels create seven physical layers. The
minimum feature size in PolyMUMPs is 2 µm.
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Figure 9 shows 2D mask layout of PolyMUMPS process and Figure 10 is the
submitted die layout. The masks of each layer are included in Appendix C. Note that masks
such as Dimple, Poly1, Poly1Poly2Via are empty to avoid corresponding procedure.
As shown in Table 3, the process begins with 150 mm n-type (100) silicon wafers of
1-2 Ω-cm receptivity. First, a 600 nm low-stress LPCVD (low pressure chemical vapor
deposition) silicon nitride layer is deposited on the wafers as an electrical isolation layer
(Figure 11(a)). This is followed directly by the deposition of a 500 nm LPCVD polysilicon
film–Poly 0. This Poly 0 layer is then photolithographically patterned with mask Poly0 and
Hole0. In this design, Mask Poly0 is an empty mask to retain Poly0 layer and Mask Hole0
is used to etch the shape of coplanar waveguide (Figure 11(b)). Next, a 2.0 µm
phosphosilicate glass (1st. PSG) sacrificial layer is then deposited by LPCVD and annealed
@1050°C for 1 hour in argon. This layer of PSG, known as First Oxide, is removed at the
end of the process to free the first mechanical layer of polysilicon. The sacrificial layer is
lithographically patterned with the DIMPLES mask (empty). The wafers are then patterned
with the third mask layer, ANCHOR1, and reactive ion etched. This step provides anchor
holes that will be filled by the Poly 1 layer (Figure 11(c)).
After etching ANCHOR1, the first structural layer of polysilicon (Poly 1) is
deposited at a thickness of 2.0 µm. A thin (200 nm) layer of PSG is deposited over the
polysilicon and the wafer is annealed at 1050°C for 1 hour. The polysilicon (and its PSG
masking layer) is lithographically patterned using a mask designed to form the first structural
layer POLY1 (Figure 11(d)). After Poly 1 is etched, a second sacrificial PSG layer (Second
Oxide, 750nm thick) is deposited and annealed (Figure 11(e)). The Second Oxide is
patterned using POLY1_POLY2_VIA and ANCHOR2. The POLY1_POLY2_VIA level
provides a mechanical and electrical connection between the Poly 1 and Poly 2 layers and the
mask is empty in this case. The ANCHOR2 level is provided to etch both the First and
Second Oxide layers in one step, thereby eliminating any misalignment between separately
etched holes. The ANCHOR2 layer is lithographically patterned and etched by RIE.
The second structural layer, Poly 2, is then deposited (1.5 µm thick) followed by the
deposition of 200 nm PSG. As with Poly 1, the thin PSG layer acts as both an etch mask and
dopant source for Poly 2. The wafer is annealed for one hour at 1050o C to dope the
polysilicon and reduce the residual film stress. The Poly 2 layer is lithographically patterned
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with the seventh mask (POLY2) (Figure 11(e)). The PSG and polysilicon layers are etched
by plasma and RIE processes. The photoresist then is stripped and the masking oxide is
removed.
The final deposited layer in the PolyMUMPs process is a 0.5 µm metal layer that
provides for probing, bonding, electrical routing and highly reflective mirror surfaces (Figure
11(e)). The wafer is patterned lithographically with the eighth mask (METAL) and the metal
is deposited and patterned using lift-off. The wafers are diced, sorted and shipped for
sacrificial release and test.
The release is performed by immersing the chip in a bath of 49% HF (room
temperature) for 1.5-2 minutes. This is followed by several minutes in DI water and then
alcohol to reduce stiction followed by at least 10 minutes in an oven at 110° C. The final
released the beam structure is shown in Figure 11(g).
Figure 12 shows the SEM image of the designed MEMS switch fabricated by
PolyMUMPS process. Enlarged SEM image shown in Figure 13 illustrates that a low k
meander beam structure is suspended over a coplanar waveguide (CPW). Two CPWs with
center separation are aligned on the side for testing purpose.
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(a)

(b)

(c)

Figure 8. Major processing steps of the DC contact MEMS switch. (a). Coplanar
waveguide; (b). dielectric layer on the actuation electrodes; (c). switching beam.

Table 3. PolyMUMPs Foundry Fabrication process
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Figure 9. 2D mask layout for PolyMUMPs foundry to build a DC contact switch.

Figure 10. Die layout submitted to PolyMUMPS process.
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SixNy

Poly0

(a)
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(b)

1st. PSG

Poly1

Anchor1
(c)

(d)

2nd PSG
Metal

Poly2
(e)

(f)

(g)
Figure 11. CAD simulation of microfabrication process of PolyMUMPS.
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Figure 12. SEM image of the microfabricated switch by PolyMUMPS.

Figure 13. SEM image of DC contact switch showing suspended meander beam
structure
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CHAPTER 4
4. ELECTROMECHANCIAL AND ELETROMEGNETIC
SIMULATION OF MEMS SWITCH
Electromechanical modeling were mainly done with CoventorWare, and validated
with COMSOL for accuracy and consistency. The pull-in voltage (actuation voltage) of DC
contact switch was solved with various beam configurations, beam materials, gap height.
Contact analysis was done and physics of hystersis were discussed. Electromagnetic
analyses were performed by Sonnet and EM3DS. The detail analysis setup are enclosed in
Appendix D~G for reference. Table 4 summarizes the physics and boundary condition of the
software.

4.1. ELECTROMECHANICAL MODELING OF RF MEMS
DC CONTACT SWITCH
4.1.1. Activation Mechanisms
The electromechanical analysis by COMSOL starts with simulation on electrical field
distribution and calculation of the electrostatic force Fes. Fes = 12 ε 0 (V x2 + V y2 + V z2 ) (N/m2)

and Vx, Vy, and Vz are the electrical field components in x, y and z direction. With this Fes
acting on the beam and counter balancing of restoring force from spring constant k, the
deflection of the beam can be calculated.
Figure 14 and 15 show Fes distribution along the y-axis in the simple beam and meander1
configuration respectively. As shown, the Fes is acting on the beam region facing the bottom
electrodes and the beam is elastically deformed as shown in Figure 16. The whole beam was
pulled downwards and as expected, the larger the activation voltage, the more deflection the
beam exhibits. Fes was plotted for the simple beam and low k beams with meander structures
and shown in Figure 18. Fes is much higher for meander structures due to increase in
electrode area; and Fes is almost the same for meander 1 and meander 2 for attribute to
similar electrode area. But considering Eq (3-4), the restoring force is reduced much more by
meander 2 than meander 1; therefore, a more deflection can be generated for meander 2 at
lower activation voltage.
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Table 4. Summary of simulation software, physics and boundary conditions

Solved parameters

Electrostatic force;
electric fields

Beam deflection
(Strain)

Software/Physics/Solver

COMSOL Multiphysics.
Electrostatics

Governing Equations
− ∇ε 0 ε r ∇V 2 = ρ
2
x

2
y

Stationary nonlinear

Appendix D

[σ ] = [δ ]E

Stationary nonlinear

Mechanical

COMSOL Multiphysics

Resonant

Solids stress-strain

Eigen frequency

Eigenvalue

Solids strain-stress

damping

Weak form, boundary

Figure D-1
(d)~(e)
Appendix D

[k ]ω2 [M ] = 0

Figure D-1
(d)~(e)

COMSOL
Squeeze film

Figure D-1
(a)~(c)

COMSOL Multiphysics
Solids stress-strain

condition
Appendix D

2
z

Fes = ε 0 (V + V + V )
1
2

Boundary

Appendix D
Eq.4-1 ~Eq.4-4

Figure D-2
(a)~(e)

Time dependent
Pull-in voltage
Contact / Hystersis CoventorWare

Eq.3-3 ~ Eq.3-5

Appendix E

Eigen frequency
CPW

EM3DS

Eq. 3-1

Appendix F

Transmission line

Sonnet

Eq. 3-2

Appendix G

Switch Reponses

Sonnet

S1, S2

EM3DS

Section 4.2.1

Appendix F
Appendix G

Antennas
Return loss,
Radiation pattern,
directivity

Sonnet

Section 4.2.1

Appendix F
Appendix G
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The deflection distributions of two low k beams along with the deflected beams are
shown in Figure 18 and 19. Comparatively, the deflection distribution along the y-axis
shown in Figure 16 for simple beam is more parabolic due to larger restriction from high
spring constant (k=16.6 N/m); the meander structures are more flexible and deform due to
low k (k = 4 and 8 N/m); therefore a much more flatter deflection profiles is observed. This
deflection profile is important to obtain more contact area after switch is turn ON and is
beneficial to the electromagnetic properties such as insertion loss.
The influence of the beam materials on the deflection of the beam is shown for the
simple beam in Figure 20 and 21. As shown in Figure 20, the deflection increases with
activation voltage increase; and as the materials Young’s modulus increase (in the order of
Gold, Aluminum, Copper and Nickel), the beam become stiffer and less easy to deflect.
COMSOL stationary solver calculates the beam deflection under the static Fes and the
beam deflection can increase infinitely as voltage increase as shown in Figure 20. But in real
case, Fes increased as voltage increase. Meanwhile, the beam gap is narrowed by beam
downward deflection, which, in turn, increased the electric field, and further leads to further
increasing of Fes. At (2/3g0), the increase in the electrostatic force is greater than the increase
in the restoring force, resulting in the beam position becoming unstable and collapse of the
bam to the down-state position. This dynamic process can be simulated be with
CoventorWare as well as the pull-in voltage, contact, hystersis behaviors.
The pull-in voltage was simulated as function of beam structure (different k), beam
thickness t, beam gap g0 and beam materials. Table 5 summarizes the pull-in voltage and upstate capacitance of beams with different k and g0. As shown, the pull-in voltage can be
reduced from 16.5 V to 4.25 V with the beam gap g0 decreased from 3.3 µm to 1.3 µm; even
with 3.3 µm beam gap, the pull-in voltage can be dramatically reduced from 16.5~16.7 V to
4.3~4.5 V with meander1 beam (k = 8 N/m) and 2.5~2.8 V with meander2 (k = 4 N/m)
beam; further reduction on the spring constant k might cause more stiction problems during
processing.

Force (N/m2)
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Figure 14. The electrostatic force distribution in simple beam.
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Figure 15. The electrostatic force distribution in meander 1 beam.
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Figure 16. Beam deflection and deflected shape for simple Beam.
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Figure 17. The electrostatic force vs. activation voltage for different shape beam
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Figure 18. Beam deformation shape for meander 1 beam.
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Figure 19. Beam deformation during the actuation
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Figure 20. Beam deflection as function of activation voltage for different materials.
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Figure 21. The influence of materials Young’s modulus on the beam deflection.
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Table 5. Summary of pull-in voltage (Vp) and Up-state capacitance (Cup, fF).
Beam Gap

1.3 µm

k

2.3 µm

3.3 µm

Vp

Cup

Vp

Cup

Vp

Cup

16.6

4.25~4.50

90.7

9.75~10.00

61.3

16.5~16.7

31.5

Meander 1

6

1.50~1.75

97.5

3.00~3.25

79.0

4.5~4.8

37.2

Meander 2

4

0.75~1.00

90.9

1.75~2.0

64.0

2.5~2.8

36.8

Simple Beam

Note: beam thickness t = 1.0 µ m; Gold Beam. Designed gaps are 1, 2, 3 µm respectively and the
extra 0.3 µm is the dielectric layer thickness removed in order to simplify the process.

It is known that for the parallel-plate capacitance, C = ε × A d , where A is the
underlying area of the parallel plates and d is spacing. When the DC contact switch is in the
up state, and spacing between beam bridge and electrode remains same, only thing changes
with meander structure is the underlying area between beam and electrode. For gap of 3.3

µm, Cup increased from 31.5 fF to 37.2 fF due to increase in the area and slight lower in
Meander 2 structure (Cup =36.8 fF) by the same token.
The influences of the beam thickness on pull-in voltage are shown in Figure 22. As
shown, regardless the beam structure, pull-in voltage increases as the beam thickness (t)
increases. For the simple beam structure, to further lower Vp <5 V, t needs to be < 0.6 µm,
which might raise difficulty in the process and lead to other stability problems. For the
meander 2 structure, t can be in the range from 0.8~1.2 µm to yield Vp <5 V.
Figure 23 shows the influence of the beam materials on the pull-in voltage in the
terms of materials Young’s modulus (E). As shown, the pull-in voltage increases along with
materials Young’s modulus; only meander 2 structure can maintain Vp<5 V.
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Figure 22. Influence of beam thickness t on the pull-in voltage. Beam materials: Gold;
g0 = 3.3 µm
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4.1.2 Contact Analysis and Hystersis
It is important to perform surface contact analysis for DC MEMS switch because an
excellent contact between the switch beams to the shorted transmission line constitute the
electrical signal pathway. Contact condition determines the signal path, insertion loss and
system loss. The simulation condition, software used and contact surface definitions are
listed in Appendix E.
Figure 24 shows result from the contact analysis of the simple beam (Gold, gap g0 =
3.3 µm) switch under the external pressure up to 600 Pa. As shown in Figure 24 (a), up until
the pressure reaches 100 Pa, the beam deflected downward and deflection increased linearly
with pressure; at same time, the beam had not yet touched the CPW surface, therefore the
contact area and contact force were zero. At 100 Pa, deflection reached 3.3 µm and beam
started to have contact with CPW plane. With further increase in pressure, the deflection
remain at 3.3 µm due to the substrate constrain; contact area gradually increase along with
the force the beam exerted on the CPW plane; when pressure > 450 Pa, the contact area
increased more rapidly. As shown in Figure 5 the design the CPW (s/w/s=12/20/12) and
short spacing d = 20 and d = 40 µm, the area of short region are 400 µm2 and 800 µm2
respectively. In order to make beam to make contact with CPW line and enable to pass
electrical signal, the contact area of the beam with CPW plane need to larger than 400 µm2
and 800 µm2 respectively. In other words, to force the beam have contact with CPW plane,
the electrostatic force should be in range of 550 ~700 Pa. The pressure load acting to pull the
beam results from the counterbalancing between Fes and restoring force. This contact
analysis overestimated the required Fes because it calculates the mechanical deflection up to
3.3 µm, (2.9 µm in this case due to contact surface definition) without considering the
electrometrical pull-in effects, i.e., the beam would collapse to the electrodes at

2

3

g0 .

Let us consider the beam response on increasing and decreasing the voltage. As
previously stated, the beam pull-in voltage was solved where the growth of the electrostatic
force becomes dominant over the linearly increasing mechanical restoring force, and the
beam quickly snaps or “pull-in” to the CPW plane. Once the beam has touched the contact
surface, a release voltage can be solved, which is the voltage at which the electrostatic force
exactly balances the spring constant of the pull-in beam. Between the pull-in voltage and
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release voltage, the beam has two valid solutions and exhibits a hystersis loop. The pull-in
voltage is observed by linearly increasing the voltage ramp, while the release voltage is
observed by a linearly decreasing voltage ramp. To make such a simulation, a contact
surface along with z plane, friction and Hcrit (details in Appendix E) has to be defined. Such
a hystersis analysis of the simple beam and meander 1 and meander 2 beams are shown in
Figure 25, 26 and 27 respectively. The pull-in voltage Vph and release voltage Vrh are
summarized in Table 6.
Table 6. Summary of Vpullin and release Vrelease shown in Figure 26, 27 and 28.

Simple beam

Meander 1

Meander 2

k(N/m)

16.6

8.0

4.0

Vpullin (V)

26.0

12.0

4.5

Vrelease (V)

8.0

4.0

1.5

Overall, Vph from the hystersis loop is higher than Vp listed in Table 5 at the same
conditions. This may be attributed to relatively coarse mesh (for reasonable running time)
and Friction and Hcrit setup. As shown in Figure 25-27, downward deflection (negative in
value) gradually increases with rising voltage until Vp; at Vp, deflection reaches the defined
contact surface; with further increasing voltage, the deflection remains at same level and
contact area starts to increase from non-contact zero area stage as well as the contact force on
the contact surface. The area enclosed in the hystersis loop indicates the electrical energy
needed to maintain the mechanical deformation. As shown in Figure 25-26, Meander
structures yield less hystersis area due to lower k, therefore less electrical energy was needed
to deform the beam. Figure 27 is the hystersis loop of meander 2 structure at different
voltage ramp. As shown, unless the voltages reach Vph, the deflection returned to original
points with small loops. The loop area increases accordingly with V until it reaches Vph;
further rising voltage only leads to increase in contact area and electrical energy is converted
to mechanical strain energy. Figure 27 illustrates the switch beam deflection and meander
deformation as V rises. As shown, easy deforming low k meander 2 structure deformed more
in the meanders, and major section of the beam remain flat profile, which is consistent with
COMSOL analysis shown in Figure 18.
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Figure 24. The Contact Analysis of Simple beam (gap=3.3 µm) vs mechanical load. (a)
Beam Deflection; (b). Contact area; (c). Contact pressure.
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Figure 26. The Hystersis analysis of the meander 1 beam.
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4.1.3 Modal Analysis of Switch Beam
Any physical system can vibrate. The frequencies at which vibration naturally occurs,
and the modal shapes that the vibrating system assumes are properties of the system, and can
be determined analytically using Modal Analysis. Modal analysis computes the resonant
frequencies of the switch beam at equilibrium. At these resonance frequencies, the switch
beam tends to response to a bounded excitation with an unbounded response, i.e., the system
transfer function becomes infinite at the resonance frequency. These frequencies and their
associated mode shapes are of particular interest in design because they are closely resemble
the corresponding characteristics of an underdamped mechanical system, and they indicate
when the system will have its maximum response to an intended or unintended (noise) input.
In the case of switch beam, the switch speed should be well below the first resonance
frequency to avoid displacement peak. The design goal is to increase the beam structure
mode 1 resonance frequency.
Modal analysis of the switch beam was performed using CoventorWare and mode
shapes are shown in Figure 28 for simple beam and Figure 29 for meander 2 beam. The
resonance frequencies and mode shapes of mode 1~6 for different beam structures and beam
materials are summarized in Table 7~9. As shown, Gold meander 2 beam yields the lowest
resonance frequency, fr1 = 3616 Hz, Al simple beam yields the highest, fr1 = 54069 Hz.
Different beam thickness were attempted to increase fr1. The simulation results are plot in
Figure 30 for the simple beam, meander 1 and meander 2 beam. It is shown that Aluminum
film yields the highest fr1 followed by Nickel and Copper; fr1 increases with increasing
thickness but at the expense of high activation voltage, which is shown previously in Figure
23; thickness of 1.2 µm can be adopted to compromise between fr1 and Va; poly 1 was used in
POLYMUMPS process as beam material, whose fr1 exhibit as high as 13913 Hz.
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(a) Mode 1

(c) Mode 3

(e) Mode 5

(b) Mode 2

(d) Mode 4

(f) Mode 6

z
y
Figure 28. Vibration modes (1~6) for simple beam.
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Figure 29. Vibration modes for meander 2 beam. By CoventorWare.
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Table 7. Solid model resonance frequencies (Hz) for the simple beams

Mode

Au

Al

Cu

Ni

Vibration characteristics

1

15840

54069

27374

37271

xy plane bends in z-axis

2

30737

113000

65231

85890

xy plane rotates around x axis

3

32330

122750

65613

87696

xy plane rotates around y-axis

4

43870

162917

936058

124526

xy plane twists about y-axis

5

53164

172951

116896

154206

xy plane bends in z-axis W shape

6

63496

207753

141550

187954

xy plane rotates by x-axis &
inverted wrap

Note: Load = 200 Pa. Beam thickness = 1µm.
Table 8. Solid model resonance frequency analysis for the meander 1

Mode

Au

Al

Cu

Ni

Vibration characteristics

1

4341

14409

9240

12090

xy plane bends in z-axis

2

4999

16715

10801

14172

xy plane rotates around y axis

3

7986

26882

17408

22926

xy plane rotates around x-axis

4

18015

61347

40636

53434

xy plane move along y-axis

5

19388

66281

42602

56937

xy plane twists by y-axis

6

25316

84848

55193

72327

xy plane bends in z-axis W shape

Load =18 Pa; Beam thickness = 1µm.
Table 9. Solid model resonance frequency analysis for the meander 2

Mode

Au

Al

Cu

Ni

1

3616

11481

6711

7912

xy plane bends in z-axis

2

4631

15136

9356

11704

xy plane rotates around y axis

3

4676

15216

9413

11872

xy plane rotates around x-axis

4

12827

44250

29644

39369

Rotates by y axis & shift in x-axis

5

15382

54202

37267

50522

xy plane move along y-axis

6

17672

61372

40381

54100

xy plane twists by y-axis

Load = 100 Pa, Beam thickness = 1µm.

Vibration characteristics
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Figure 30. Influences of beam materials and beam thickness on the Mode 1 natural
frequencies.
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4.1.4. Analysis of Squeeze Film Damping
Squeezed-film gas damping is a critical aspect of many MEMS transducers and
actuators. The definition of squeeze film damping can be illustrated in Figure 31.

F

Movable

h(t)
Fixed
Figure 31. Conceptual illustration of the squeeze film damping.

As shown, the air fills between two parallel plates; the lower plate is fixed, while the
upper plate is movable. When the upper plate moves downward, the pressure inside the gas
increases due to the plate motion, and the gas is squeezed out from the edges of the plate.
The viscous drag of the air during the flow creates a dissipative mechanical force on the
plate, opposing the motion. The dissipative force is called squeeze film damping. In the case
of MEMS switch, this force is created by the air trapped between the bottom electrode and
switch beam. When the switch is turned on and off, the vertical movement squeezes the gas
and the gas flows out from its edges. The narrow pathway restricts the flow, which causes
gas pressure to increase, which decelerates the switch beam’s movement. The pressure
distribution in the narrow gap can be modeled with the Reynolds equation
∂  ρh 3  ∂p  ∂  ρh 3  ∂p 
∂ ( ρh )
  + 
  = 12
(Eq. 4-1)

∂x  µ  ∂x  ∂y  µ  ∂y 
∂t

where p denotes the gas pressure, ρ is the density, µ is the viscosity, h give the gap’s height,
while x and y are spatial coordinates [36]. The equation is valid if the squeeze number is <<
1, where ω is the oscillation frequency.
Assume that the thin-gas film is isothermal, pressure variations within the film are
small relative to the ambient pressure, the film thickness is uniform throughout the gap
width, and the displacement of the moving surface is small relative to the film thickness. In
that case, the Reynolds equation simplifies to
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∂ 2 p * ∂ 2 p * 12µ ∂h
+
= 3
∂x 2
∂y 2
h0 ∂t

(Eq. 4-2)

Where p* is the pressure variation from the ambient value, and h0 is nominal height of the
gap.
An effective gas viscosity µeff is used to handle the gas-rarefaction effect in this
model, which is a function of the Knudsen number, Kn. A simple equation for the effective
gas viscosity by Veijola and others [37]:

µeff =

µ

(Eq.4-3)

1.159

1 + 9.638 K n

which is valid for 0 < Kn < 880. The Knudsen number is the ratio between the mean free path
λ of the gas and the gap height h0: K n = λ / h0 and the mean free path at a pressure Pa comes

from λ = ( p0λ0 ) / Pa , where λ0 is the mean free path at pressure P0.
The solid moving beam in the MEMS switch was modeled with COMSOL
Multiphysics. The model consists of two bottom electrodes and a switch beam. The beams
are fixed to the surrounding structures at four ends. The mass is subjected to inertial forces
and electrostatic force generated by activation. The external acceleration, g, acts in the zdirection along with electrostatic force, giving a body volume force Fz = ρsolid g + Fes. The
electrostatic force Fes here can be obtained from electromechanical simulation results shown
in Figure 18.
This model formulates the squeezed-film air damping using a weak formulation on
the upper and lower surfaces[38]. The weak formulation of the Reynolds equation reads

∧

∫∂Ω  P x





12µ eff ∂h ∧ 
Px + P y Py + 3
P ds = 0 (Eq. 4-4 )
h0 ∂t 
∧



∧

∧

∧

where Px and Py are the pressure gradients in the x- and y-directions, P x , P y , and P are the
test functions for the pressure and its gradients. The gap-height velocity can be obtained
from the force balance formulated in the structural mechanics application mode. Because the
gradients are not properly defined on the boundaries, this implementation uses the tangential
gradients (PTx and PTy) and their test functions. The model also constrains the pressure P
to 0 at the edges of the boundary.
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Figure 32 shows the pressure distribution on the surface of the switch beam and beam
deflection at 17 V (Fes = 204 N/m2) after 4 ms of simulation. The ambient pressure, Pa, in
this case is 101 kPa, atmosphere. As shown, face load exhibits a concentration gradient
distribution on the beam part exposing to the bottom electrodes, highest in the center,
pushing upwards, and lowest in the edges, ending in no load. This is consistent with the fact
that when the beam is switched downwards, the air molecules trapped in the center region are
more difficult to push out than these in the edge region, thus leading to higher air pressure in
the center region, which exert an opposing force on the beam slowing the beam down. This
maximum load on the surface center region is also time-sensitive, as shown in Figure 33; it
reached highest at the beginning of the movement, and dramatically decreases to zero loads
as air molecules are squeezed out of the gap and system reaches equilibrium. Figure 34
illustrates the beam deflection under electrostatic forces along the cross section line. As
shown, beam deflected downwards upon electrostatic force, the higher the force, the more the
deflection. The COMSOL finite elements model did not consider the pull-in effects. The
switch beam maximum deflection is in the center of the contact square, which is 1.108 µm at
204 N/m2 electrostatic force (generated by 17 Volts activation). Figure 34 shows the
displacement of beam point A as illustrated in Figure 32 with different Fes force. As shown,
the final stabilized displacement of the beam point A can be achieved is determined by
electrostatic force; at 204 N/m2, the beam deflected 1 µm and physically touched the bottom
electrodes. The time for beam to get into touch the bottom electrodes determines how fast
the switch can be switched on. The exponential growth tendency of the displacement
demonstrates the damping effects of the air squeezed out of the gap.
To reducing the air damping effects and switching time, one way is to lower the
ambient air pressure, which is possible packaging devices in low-pressure condition. Figure
36 shows the displacement at ambient pressure of 100 Pa, 800 Pa, 6400 Pa and 101 kPa. As
ambient pressure decreases, the film damping at the upper and lower surfaces decreases
through the increase in the gas’ effective viscosity µeff and density. But this reduced damping
results in a substantial increase in oscillation with reducing pressure at 800 Pa, there are
apparent oscillations in displacement.
Another way to tune the damping is to perforate the structure with holes. By adding a
term related to the gas flow through the holes, it is possible to use the Reynolds equation also
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for perforated plates [38]. Figure 37 shows the 3D solid model simulation of the pressure
distribution in the beam surface for the beams with etch holes. As shown, the maximum face
load reduced from 122 N/m2 down to 51 N/m2; and with time goes, quickly reduced to 10-6
magnitude. The damping effects shown in Figure 38 is reduced with etch holes, the time to
reach the maximum displacement improved from 1.55 ms to 0.5 ms.
The switching time is also determined by how easy the beam is deflected, which is
investigated in the terms of spring constant. Figure 39 and Figure 40 shows 3D solid model
simulation of squeeze film damping effects on meander 1 and meander 2 beam with and
without etch holes. As seen, for beam without etch holes, maximum face load the meander 1
beam is 11 N/m2 and meander 2 structures 0.98 N/m2. As beam spring constant reduce, the
electrostatic force needed to deflect beam 1um down also decreased substantially. Figure 41
illustrate the influence of etch holes and electrostatic force on the displacement damping
effects for meander 1 beam. As seen, when there is no etch holes to vent the airflow, simply
increasing Fes from 15 Pa to 17.7 Pa, the damping effects can be reduced and tm improved
from 10.5 ms to 3.75 ms. When there are etch holes in meander 1 beam, damping effects is
reduced giving tm = 2.25~2.5 ms for Fes=17.7 and 20 N/m2.
The influence of ambient pressure on meander 2 beam is shown in Figure 42. For the
meander 2 beam without etch holes, when Fes = 11 N/m2, the displacements oscillates around
the final value; as ambient pressure increased from 100 Pa to 6400 Pa, oscillation
substantially decreased; Displacement oscillation was totally subdued by increasing Fes to 14
N/m2, and as ambient air pressure increases, the more air molecules, the shorter the mean
diffusion length, increase in µeff, all lead to the increase in tm.
Figure 43 shows the displacement squeeze film damping effects of meander 2 beam
with and without etch holes. As shown, to obtain 1 µm deflection, meander 2 without etch
holes requires 14 N/m2 while with etch hole, the force is reduced to 5.5 N/m2. The
displacement follows an exponential decay tendency.
More detail information on activation voltage, correspondent Fes, max/min face load,
max/min beam displacement and tm (if any) are summarized in Table 10 with different
beam materials. To summarize, as beam structure changes, the spring constant k reduce from
17 N/m for simple beam to 8 N/m for meander 1 and 4 N/m for meander 2, Fes required to
obtain 1 µm deflection reduced substantially; even for the same beam structure, the etch
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holes help to reduce the required Fes and facilitate the rapid downwards movement of beam.
Reducing ambient pressure can help to reduce squeeze film damping effects, but only to
certain degree; further reducing ambient pressure leads to beam up and down oscillation.
The required Fes to force beam to close 1 µm gap is also determined by beam material in the
terms of density and Young’s modulus.
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B
C

A

Pa = 101 kPa, Fes =204 N/m2, Time = 0.004 sec.
Figure 32. Simulation 3D model showing squeeze film damping effects on simple switch
beam without etch holes.
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Figure 33. Maximum pressure load on the beam electrode center region for simple
beam without etch holes.
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Figure 34. The beam z-axis deflection along the cross section line A-B shown in Fugre
33 under different electrostatic force for simple beam without etch holes.
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Figure 35. The displacement of the beam under different electrostatic force for the
simple beam structure without etch holes.
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Figure 36. Influence of ambient pressure on squeeze film damping effects.
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Figure 37. Simulation 3D model showing pressure load distribution in the beam
surface for the simple switch beam with etch holes. ( Fes=204 N/m2, Pa = 101 kPa)
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(b) Simple beam with etch holes
Figure 38. Displacement time reponse of the switch with different electrostatic force for
the simple beam with etch holes. Pa = 101 kPa.
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(a) Meander 1 beam, Pa = 101 kPa, Fes = 17.7Pa, t = 0.004sec.

(b) Meander 1 beam, Pa = 101e kPa, Fes = 4.4 Pa, t = 5e-5 sec.

Figure 39. Squeeze film damping effects on meander 1 beam. (a) beam w/o etch holes;
(b). beam with etch holes.
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(a) Meander 2 beam, Pa=101 kPa, Fes=11 Pa, t = 0.001 sec.

(b) Meander 2 beam, Pa=101e3 Pa, Fes=4.7 Pa, t = 0.004 sec.
Figure 40. Squeeze film-damping effects on meander 2 beam. (a) beam w/o etch holes;
(b). beam with etch holes.
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Figure 41. Influence of etch holes and F_es on the dispplacement squeeze film damping
effects.
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Figure 42. Influence of ambient pressure and electrostatic force on the squeeze film
damping effects for meander 2 beam.
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(a) Pa = 101 kPa, Meander 2 with No etch holes
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(b) Pa = 101 kPa, Meander 2 beam with etch holes
Figure 43. Influence of etch holes on dispacement time response for the meander 2
beam.
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Table 10. Summary of squeeze film damping behavoir

Simple beam

(µm)

(sec.)

122.0

1.0012

1.55e-3

51.1

0.9421

5.5e-4

3.096

1.075

5.0e-4

10.37

0.9261

4.0e-4

17.7

0.0965

1.019

3.8e-3

Yes

20

0.929

0.9925

3.5e-3

No

15

-2.37

Yes

20

0.335

0.9943

2.25e-3

No

15

-8.286

Yes

20

-17.93

0.6522

4e-3

No

15

-14.278

0.3002

0.0205

Yes

20

-25.825

0.326

1.6e-3

No

14

-1.135

Va

Fes

Materials

holes

(Volt)

(N/m2)

No

17

204

Yes

17

204

No

17

204

Yes

17

204

No

17

204

Yes

17

204

No

17

204

Yes

17

204

No

2

Al

Cu

Ni

Au

Meander 1

tm

Etch

Au

Al
Cu
Ni
Au

Meander 2

Yes

Al
Cu
Ni

Pm

dm

Beam

1

No
Yes

1

No
Yes

4.4
11

-4.205

0.9763

0.0525

4.4

-0.244

0.7764

4.15e-3

11
1

No
Yes

(N/m2)

4.4
11

1

4.4

Note: Pa = ambient pressure, 101 kPa; Va = activation voltage; Pm = maximum/ minimum
face load in z-direction; dm = the stabilized beam total displacement at designated point; tm =
time to reach dm.
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4.2. ELECTROMAGNETIC MODELING OF RF MEMS SWITCH
Electromagnetic modeling of coplanar waveguide transmission line and RF MEMS
series switch were investigated in the terms of the scattering parameters, i.e. S- parameter,
using Sonnet and EM3DS electromagnetic software package. The isolation, return loss were
subsequently calculated. Simulation was first done on the continuous CPW and shorted
CPW with two different separation gap 20 µm and 40 µm, followed by CPW with MEMS
switch ON state.

4.2.1. Microwave Background Review
In digital circuit, conductord may be treated as transmission lines if the propogation
time is equal or greater than the pulse transition time, or electrical length of the conductor is
greater than 1/10th of the signal wavelength[30,31]. The distributed inductance and
capacitance in a transmission line cause it to appear to high frequencies ( and fast voltage
steps) as an inductive-capacitive network. The network has an characteristic impedance
Z 0 = L C where L (inductance) and C(capacitance ) are determined by the dimension and

dielectric constant of the transmission line. If a transmission line is terminated in an
impedance equal to Z0, the line “looks” infinitely long to signals entering the line and it is
said to be termineated in a matching impedance. All the energy in a wave travelling toward
the end of the line is absorbed by the terminated impedance.
A fundamental issue in making high frequency measurement is to know what happens
on a transmission line that is not terminated in a matching impedance. In the case of short
circuit, all the energy travelling towards the end of the line is reflected back; a wave reflected
by a short circuit is 180o out of phase with the incident wave at the plane of the short. An
open circuit termination also reflects all the energy in an incident wave but incident wave and
reflected wave are in phase at the plane of open termination. The reflected wave will be
absorbed by the signal source if the source impedance matches the transmission line
characteristic impedance. When the terminating load Z L ≠ Z 0 , but greater than a short and
less than an open, it absorbs some of the incident wave and reflected the rest. The amount of
the energy reflected depends on the ratio ZL to Z0. ZL can be determined by the ratio of the
amplitude of the incident wave and reflected wave, thus Z L =

1 + Vr Vi
, where Vr/Vi is called
1 − Vr Vi
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the reflection coefficient which is a complex value. A reflected wave adds vectorially to the
incident wave, creating a standing wave.
As known, voltage and current are hard to measure at high frequencies. Short and
open circuits are hard to realize at high frequencies[31]. Therefore, microwave engineers
work with so-called scattering parameters (S parameters), that use waves and matched
terminations (normally 50Ω). This procedure also minimizes reflection problems. In
general, the s-parameters indicates how much power "comes back" (reflected) or "comes out"
(transmitted) when "throw power at" a network.
In the case of a microwave network having two ports, an input and an output, the smatrix has four s-parameters, designated as follows:

Input
Port 1

Output
Port 2

where S11is input reflection coefficient; S21is forward transmission coefficient (gain); S12:
reverse transmission coefficient (isolation) and S22: output reflection coefficient. If the
output port 2 is terminated with matched load impedance, giving rise to no reflections, then
there is no input wave on port 2. The input wave on port 1 (a1) gives rise to a reflected wave
at port 1 (S11a1) and a transmitted wave at port 2, which is absorbed in the termination on 2.
The transmitted wave size is (S21a1).
If the network has no loss and no gain, the output power must equal the input power
and |S11|2 + |S21|2 = 1. Therefore that the sizes of S11 and S21 determine how the input power
splits between the possible output paths.
Input return loss (RLin) is a scalar measure of how close the actual input impedance of
the network is to the nominal system impedance value and, is given by S11 in decibel while
the output return loss (RLout) is S22 in decibel. By definition, return loss is a positive scalar
quantity. The voltage reflection coefficient at the input port or at the output port are
equivalent to S11 and S22 respectively.
The insertion loss is a measure of signal transmission efficiency. For a switch, the
insertion loss is specified only when it is in the on state or signal is transmitting. This is
specified by the transmission coefficient, S21, in decibels.
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The isolation of a switch is specified when there is no signal transmission. This is
also measured as S21 between the input and output terminals when the switch is in the offstate or under the no-transmission state. A large value (in decibels) indicates very small
coupling between the input and output terminals. Thus the design goal is to maximize the
isolation. In RF MEMS switches isolation may degrade as a result of proximity coupling
between the moving part and the stationary transmission line as a result of leakage current.
The voltage standing wave ratio (VSWR) at a port, is the ratio of the standing wave
maximum voltage to the standing wave minimum voltage. It therefore relates to the
magnitude of the voltage reflection coefficient and hence to the magnitude of either S11 for
the input port or S22 for the output port. At the input port, the VSWR (sin) is given by
sin =

1 + S11
1 + S 22
, where at the output port, the VSWR (sout) is given by sout =
. VSWR
1 − S11
1 − S 22

value indicates how close a terminating impedance is to the characteristic impedance of a
transmission line.

4.2.2. Electromagnetic Analysis of Coplanar Waveguide
Transmission Line and MEMS Switch
The electromagnetic simulations were done with Sonnet 10 and EM3DS 8.0 software.
Sonnet's suite [39] is a high-frequency electromagnetic (EM) Software that develop precise
RF models (S-, Y-, Z-parameters or extracted SPICE model) for planar circuits and
antennas. Predominantly planar circuits include microstrip, stripline, coplanar waveguide,
PCB (single and multiple layers) and combinations with vias, vertical metal sheets (zdirected strips), and any number of layers of metal traces embedded in stratified dielectric
material. The software first requires a physical description of circuit (arbitrary layout and
material properties for metal and dielectrics), and then employs a rigorous Method-ofMoments EM analysis based on Maxwell's equations that includes all parasitic, crosscoupling, enclosure and package resonance effects. EM3DS (Electromagnetic 3D
Solver)[40] is a novel, full-featured, frequency-domain full-wave simulation tool tailored to
efficiently accomplish the analysis of quasi-planar structures – specifically planar structures
over complex substrates, where the finite conductors' thickness and the dielectric
discontinuities are accounted for with no compromise – thus, rendering EM3DS a full 3D
tool. Unlike most Method-of-Moment (MoM) solvers available on the market, it uses volume
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currents to account for conductors and dielectric bricks (generally MoM solvers are 2.5D in
their very nature, using only surface currents).
Figure 44 shows electromagnetic simulation on scattering parameters S11 and S12 for
the continuous coplanar waveguide (dimension s/w/s=12/20/12) and CPW with a RF MEME
switch in ON and OFF state. As shown in Figure 46 (a), for continuous CPW, return loss,
S11 maintain -40 dB up to 15 GHz and <35 dB at 40 GHz; and insertion loss, S21 < -0.004 dB,
which indicates the excellent transmission of the RF signal. For the shorted CPW with
MEMS switch in OFF state, as shown in Figure 46 (b), return loss S11 drops to nearly zero
for the signal transmission was interrupted; isolation S21 become lower than –50 dB at 40
GHz, indicating the high isolation created by center gap. It is also found that the simulation
results on 20 µm and 40 µm gap are virtually same.
As we know, the ideal series switch results in an open circuit in the t-line when no
bias voltage is applied (up-state position), and it results in a short circuit in the t-line when a
bias voltage is applied (down-state position). Ideal series switches have infinite isolation in
the up-state position and have zero insertion loss in the down-state position. As illustrated in
Figure 44 (c), the designed MEMS switch yields a high isolation at RF frequencies, -75 dB at
1 GHz and rising to –50 dB at 40 GHz. In the down-state position, simulation exhibits very
low insertion loss, <0.2 dB at 40 GHz and Return loss S11 <-40 dB at 0.1 ~12 GHz.
Figure 45 ~Figure 47 show the current distribution in continuous CPW, shorted CPW
and CPW with MEMS switch ON respectively. As shown in Figure 45 for the continuous
CPW, simulation has shown that current is more concentrated on the edges of the center
conductor lines, probably due to the skin effects. Shown in Figure 48, the current is
terminated by the gap; and Figure 47, the current distribution on a series switch in the down
state position is very similar to that of the CPW t-line because the series switch is ideally a
continuation of the t-line. Simulation has shown that the current is more concentrated on the
edges of the metal bridge.

-20

(a) Continuous CPW
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Figure 44. Simulation results of the scattering parameters S11, S21 for (a) the
continuous CPW, (b) Switch OFF state and (c) switch On state.
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(a) Jxy @ 1 GHZ

(b) Jxy @ 40 GHZ

(c) Total current distribution at 1 GHz

(d) Total current distribution at 40 GHz

by EM3DS

by EM3DS

Figure 45. Simulation of current distribution of the continuous CPW. (a)(b) by Sonnet
and (c),(d) by EM3DS.
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(a) Jxy @ 0.1GHZ

(d) Total Current density @ 1GHz

(b) Jxy @ 1 GHZ

(c) Jxy @ 40 GHZ

(e) Total Current Density @ 40 GHz

Figure 46. Simulation of the shorted CPW at different frequencies by Sonnet.
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(a) Jxy @ 0.2 GHZ

(c) Total Current Density @ 1 GHz
by EM3DS

(b) Jxy @ 40 GHZ

(d) Total Current Density @ 40 GHz by
EM3DS

Figure 47. Simulation of current distribution of the shorted COW with MEMS switch
ON. (a), (b) by Sonnet and (c)(d) by EM3DS.
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CHAPTER 5
5. APPLICATION OF RF MEMS SWITCHES:
RECONFIGURABLE ANTENNAS
The rapid development in wireless communication market drives requirement for
small, compatible and reconfigurable antennas. The demands to employ antenna diversity to
improve receiver performance, and reconfigurability for beam shaping and steering requires
the use of multi-element antenna geometries in today’s communication systems in which
switching is the critical operation. The excellent switching characteristics of RF MEMS
switches, very low insertion loss (0.1-0.2 dB) in the on state (when signal is passed) and high
isolation (25-35 dB) in the off state (when signal is rejected) over an extremely wide band
(DC to 40 GHz) make them very attractive to be used in multi-element antenna systems. The
low loss nature of MEMS switch also can eliminate the use of power amplifiers behind
antenna elements, which is inevitable when pin diode or FETs are used as switching
components, making the overall system cheaper and more robust. The application of RF
MEMS switches in microstrip antennas are demonstrated in this chapter
Microstrip antennas, also known as the printed antennas, are fabricated using modern
printed-circuit technology, i.e. by etching the antenna element pattern in metal trace bonded
to an insulating substrate. Because of their low profiles, planar and nonplanar surfaces,
mechanically rubust, they can be mounted on the exterior of aircraft and spacecraft, or are
incorporated into mobile radio communications devices[41]. They are usually employed at
UHF (300 MHz~3GHz) and higher frequencies because the size of the antenna is directly
tied to the wavelength at the resonance frequencies. Depending on design of microstrip
(patch) shapes and mode, they can be versatile in terms of resonance frequency, polarization,
pattern and impedance. One of the advantages of microstrip antennas switches can be used
to reconfigure the resonance frequency, polarization, beam steering
The proposed reconfigurable microstrip antennas using microstrip lines of 50 Ω is
shown in Figure 48(a). The antenna has a single layer metallic structure, which is the
microstrip line of 50 Ω, achieved by 0.50-mm-width (W) metal line printed on substrate
(RT/Duroid 6010) of thickness (H) 0.57 mm and dielectric constant of 10.8. As seen, the
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reconfigurable antenna has a rectangular loop configuration together with 12 RF MEMS
switches. Though there are as many as 212 combination of different switch ON and OFF
status, only three simple rectangular loop configuration shown in Figure 48(b)~(d) are
analyzed. The electromagnetic simulation was performed using Sonnet 10.53, which is 3D
planar high-frequency electromagnetic software and employs a rigorous Method-of-Moments
EM analysis based on Maxwell's equations that includes all parasitic, cross-coupling,
enclosure and package resonance effects. The detail model setup including box, dielectric
layer, box resonance estimation and analysis parameters are listed in Appendix E.
Simulated reflection coefficients of the proposed rectangular loops of different
perimeters are shown in Figure 49. The reflection coefficient peaks of S11 indicate the
resonance frequency at which the antenna is excited. Table a1 summarize the physical
perimeters of antennas, first three resonance frequencies and calculated free space
wavelength λ0 and electrical wavelength λe based on substrate dielectric constant,

λe ≈ λ0

ε r . As well known for loop antenna, the shift of resonance frequency is inversely

proportional to loop perimeter. With switch ON and OFF and reducing of loop perimeters,
all the resonance frequency increased as expected, inversely proportional to the perimeters,
with 2~5 % error range. The dominant resonance occurs at where the physical length of the
antenna approach one electrical wavelength. The first resonance frequencies of all three
loops are the dominant resonance, whose electrical wavelength λe approximate the perimeters
with 7~12 % error range. This is also confirmed by the radiation pattern of electrical field
shown in Figure 50. As illustrated I Figure 50(a), loop 1 scheme, the radiation pattern is
omnidirectional, power gain at the first resonance frequency 1.25 GHz is much stronger than
other resonance frequencies and pattern at 3rd resonance frequency 3.7 GHz is stronger than
the 2nd, 2.45 GHz. However, the radiation pattern is consistent with the current density
distribution shown in Figure 51(a)~(b). For the 1st resonance illustrated in (a), the microstrip
lines portion (color in red) connecting to in- and out- port shows the highest current density,
of ~31 mm in length, and ~ 20 Amps/meter in magnitude; which apparently is being excited.
At 2nd resonance, the excited portion (lines shows color in red) is much smaller
comparatively, and at 3rd resonance; the excited portion of the microstrip reached the most.
This might be attributed to current phase cancellation at 2nd resonance due to wavelength λe2
is approximately one half of the perimeter and current phase enhancement at 3rd resonance
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due to wavelength λe3 almost one third of the perimeter. Patterns and current distribution of
loop 2 and 3 hold the same tendency by the same token.
Figure 52 shows the proposed bias lines and pads to activate the MEMS switches.
The bias lines and pads layout need to be further optimized. The proposed microstrip
antenna demonstrated reconfigurability of dominant resonance frequency in UHF (0.3~3
GHz) or higher frequency range by changing the loop perimeters using MEMS switches. A
wideband frequency spectrum can be obtained with more loops of different perimeters. The
structure has the potential to be used as a radiating element and receiving element in portable
device.
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(a) Physical layout of reconfigurable loop antennas
with 12 MEMS switches

(b) Loop 1.

(c). Loop 2

(d) Loop 3.

Switches ON: 1~8;
Switch OFF: & 9~12

Switch ON: 1~4, 9 & 10;
Switch OFF: 5~8.

Switch ON: 10,11;
switch OFF: 1~8

Figure 48. Physical layout of the reconfigurable loop antennas.
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Figure 49. Simulated reflection coefficient of three planar loop antenna configurations.

Table 11. Summary on microstrip loop antenna resonance frequency, free space
wavelength and electrical wavelength

Antennas
Resonance
(GHz)

Configuration

λ0(mm)

λe(mm)

240
122
81
188
100
30.4
135
81
43

73.2
37.1
24.6
57.0
30.4
18.5
41.1
24.6
13.1

(mm)
Loop 1

79

Loop 2

63

Loop 3

47

1
2
3
1
2
3
1
2
3

1.25
2.45
3.70
1.60
2.97
4.93
2.22
3.68
6.95

Note: P-microstrip loop physical perimeter, mm; λ0-free space wavelength, mm;
λe-electrical wavelength.
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Figure 50. Radiation patterns of electrical field for three configurations of microstrip
loop antennas.
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(a) Jxy @ 1.25 GHz

(d) Jxy @ 1.6 GHz

(g) Jxy @ 2.22 GHz

(b) Jxy @ 2.45 GHz

(e) Jxy @ 2.975 GHz

(h) Jxy @ 3.675 GHz

(c) Jxy @ 3.7 GHz

(f) Jxy @ 4.925 GHz

(i) Jxy @ 6.95 GHz

Figure 51. The current density Jxy distribution for three loop configurations at its
resonance frequencies.
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Figure 52. The proposed bias lines and pads for RF MEMS switches.
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CHAPTER 6
6. CONCLUSION AND FUTURE WORKS
A series of RF MEMS DC contact switches were attempted in this thesis. The
design was optimized in the terms of activation mechanism. The electromechanical and
electromagnetic analysis found that:
1. The pull-in voltage can be tailored by controlling beam materials, beam thickness, and
meander structures; the pull-in voltage as low as 1.25 V can be achieved by 1 µm Gold
meander structure of spring constant of 4 N/m.
2. The switch frequency of the switch is determined by the first resonance frequency of the
switch, which is revealed by modal analysis. Gold materials and low spring constant lead to
low resonance frequency. Simulation results revealed that Aluminum and Nickel can be a
great substitute for Gold to increase the resonance frequency. Also, increasing the beam
surface pressure load (by electrostatic force) and beam thickness all help to improve the
resonance frequency.
3. Switching time, i.e. how fast the switch can be deflected to ON state or return to OFF
state, was investigated by squeeze film damping analysis. Damping effects was attributed to
existence of the ambient air pressure; therefore, lowering the ambient pressure to 6400 Pa
and perforating the beam with etch holes facilitate the airflow and reduce the switching time.
Simple beam with spring constant 16 N/m yields tm = 0.4~0.5 ms whereas the meander beam
with lower spring constant resulted in longer response time.
4. The electromagnetic simulation results indicated that return loss S11 is lower than –60 dB
at lower frequency and maintain –40 dB up to 15 GHz, insertion loss S21 <0.2 dB at 40 GHz
when the switch is in ON state; off state isolation is –50 dB at 40 GHz, which is good enough
for the reconfigurable antennas designed to use in 2 ~8 GHz.
5. Analysis on reconfigurable microstrip antenna shows that, by switching switch ON and
OFF, the antenna dominant resonance frequency can be altered corresponding to the changes
in microstrip perimeters.
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APPENDIX A
The most commonly used low k beam and relevant equations
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APPENDIX B
2D mask layout for MEMS switch and dimension

(a) GND (420 ×300) & CPW (12/20/12)

(b) Bottom Electrodes & Sacrificial layer

(c) Switch Beam: Simple

(d) Switch Beam: Meander1

(e) Switch Beam: Meander2
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Meander width: 4 µm
Spacing:

4 µm

Meander width: 4 µm
Spacing:

4 µm

4 × 30

160 × 80

160 × 80

128 × 80

56 × 60

56 × 60

56 × 60

160 × 80

160 × 80

128 × 80

(f) Enlarged Switch beam configuration and dimension
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APPREDIX C
2D MASK LAYOUT for PolyMUMPS foundry

1 mm

1 mm
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GND & POLY0

HOLE0

(EMPTY)

DIMPLE

ANCHOR1
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(EMPTY)

ANCHOR2

POLY1

(EMPTY)

HOLE1

POLY1POLY2VIA
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HOLE2 (see enlarged portion)

POLY2

HOLEM (see enlarged portion)

METAL

89

HOLE2
POLY2

ENLARGEMENT OF POLY2 & HOLE2

HOLEM

METAL

ENLARGEMENT OF METAL & HOLEM

APPEDIX D
COMSOL 3.2 MULTIPHYSICS SETUP

(a) Bottom Electrodes: V2=V0

(c) Box: Zero charge/Symmetry

(e) Load; Fx = Fy = 0; Fz = -F_es

(b) Beam: Ground

(d) Constrain: Rx = Ry = Rz = 0

(b)
(a) Sub domain: solid, stress-strain

(b) B.C.: Solid;

(c)
Fz=-rho_smsld*g
x y==F0;
y =F0;
F
x =FF
z=-rho_smsld*g-F_es/h0

Constrain: Rx = Ry = Rz =0

(c) Solid B.C

(d) Weak form, boundary (wb)

Load: Fx = Fy = 0; Fz = P

Weak: test(PTx)*PTx+test(PTy)*PTy+
12*nuEff/h0^3*wt*test(P)

(e) Weak form, boundary
Edge constrains: P

APPEDIX E
EM3DS 8 ANALYSIS SETUP
1. Coplanar waveguide (CPW)
(a). Substrate and dielectric layer setup
Layer 0, Air, 1000 µm
Layer 1, CPW, 2.1 µm
Layer 2, dielectric, 0.4 µm

Layer 3, Si substrate,
50 µm

(b). 2D layout of each layer for CPW (unit: µm)
420 × 128
420 × 20

20 µm

420 × 128

40 µm

2. DC contact switch ON/OFF simulation setup
(a) Substrate and dielectric layers for switch OFF state
Layer 0, Air
Layer 1, Beam, 1 µm
Layer 2, Anchors 1µ
µm

Layer 3, SixNy
Layer 4, CPW
Layer 5, dielectric
Layer 6, Si substrate
Side view of layer structure

(b) 2D layout of each layer for switch OFF state

150 ×80

4 × 30

56 ×60

150 ×80

Layer 1. Switch Beam

Layer 2. Anchors (4×4)

150 ×80

150 ×80

Layer 3. Dielectric

Layer 4. CPW

(c) Substrate and dielectric layer for switch ON state

Layer 0, Air

Layer 1. Beam
Layer2. CPW
Layer 3. dielectric
Layer 4. Si substrate

(d) 2D layout of each layer for switch ON state

APPEDIX F
SONNET 10.53 ANALYSIS SETUP FOR ANTENNA
a. Design of microstrip line of 50 Ω on RT/Duroid 6010 substrate[42]

b.

b. Box setup

c. Dielectric layers

d. Box resonance estimation
Calculation based on lossless empty cavity, only
lowest order modes are considered.
0.515 GHz, TM Mode 1, 1, 0
0.814 GHz, TM Mode 1,2,0

e. Analysis setup
Adaptive Sweep (ABS), Frequency Range: 0.001 GHz to 5 GHz
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RF MEMS switches have experienced increased use for telecommunication
application in the last ten years due to their high performance compared to other
microelectronic switches. A design of the DC contact RF MEMS switch was proposed in
this thesis. The design was optimized in the terms of activation mechanism, which
included switch beam thickness, beam gap and materials. The pull-in voltage, contact
and hystersis were analyzed with commercial CAD finite element analysis software such
as CoventorWare and COMSOL. Further, modal analysis and squeezed film damping
analysis are carried. The electromagnetic performance in terms of scattering parameters,
insertion loss, and isolation were also analyzed with commercial software such as
EM3DS and Sonnet. The optimized design was microfabricated by PolyMUMPS
process.
The applications of such RF MEMS switches in reconfigurable antennas were
demonstrated in a quarter-wavelength dipole antenna array and patch antenna arrays. It is
found that by controlling the ON/OFF of the MEMS switches, the resonance frequency,
and far field radiation pattern can be well reconfigured.

