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ABSTRACT: Reconfigurable antennas are attractive for manyitary and
commercial applications where it is required to éhav single antenna that can be
dynamically reconfigured to transmit or receive mwltiple frequency bands and
patterns. RF-MEMS is a promising technology that tiee potential to revolutionize
RF and microwave system implementation for nextegaion telecommunication
applications.

Despite the efforts of top industrial and acadetalts, commercialization of RF-
MEMS switches has lagged expectations. These prablre connected with switch
design (high actuation voltage, low restoring forosv power handling), packaging
(contamination layers) and actuation control (higipact force, wear, fatiqueThis
Thesis focuses on the design and control of a noWehic RF-MEMS switch
specified for reconfigurable antennas applications.

This new switch design focuses on the failure meigmas restriction, the simplicity
in fabrication, the power handling and consumptamyvell as controllability. Finally,
significant attention has been paid in the swit@tésctromagnetic characteristics.
Efficient switch control implies increased reliatyil Towards this target three novel
control modes are presented. 1) Optimization o&ibred pulse under Taguchi’'s
statistical method, which produces promising resusut is also sensitive to
fabrication tolerances. 2) Quantification of rasstdamping control mode, which
produces better results only during the pull-dowrage of the switch while it is
possible to be implemented successfully in verf§ gévices. 3) The “Hybrid” control
mode, which includes both aforementioned technigoiésring outstanding switching
control, as well as immunity to fabrication tolecas, allowing an ensemble of
switches rendering an antenna reconfigurable, taskd.

Another issue that has been addressed throughautwibrk is the design and
optimization of a reconfigurable, in pattern andgiiency, three element Yagi-Uda
antenna. The optimization of the antenna’s dimerssibas been accomplished
through the implementation of a novel techniqueedasn Taguchi’'s method, capable

of systematically searching wider areas, nameda&l“Taguchi” method.
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1. Introduction

1.1. Switches

The principal parts in an electric circuit are arse of electrical energy, a load and a
complete path for the flow of current. If any onketlee above requirements is not
fulfilled, current cannot flow in the circuit antlé energy from the source cannot be
delivered to the output deviceA“switch is an electrical component for opening and
closing the connection of a circuit or for changitig connection of a circuit devite.
[1]. Switches are vital components of all automatgdtems as they provide an
interface between systems and devices with thebdagdor automatic redirection of
signals, enhancing their flexibility and expandiilAn ideal switch exhibits zero
resistance to current flow in the ON state anditdiresistance to current flow in the
OFF state; in real world a practical switch desmxhibits a certain amount of
resistance in the ON state and a finite resistamadbe OFF state. The exponential
growth of electronic applications resulted to thevelopment of several types of
switches with different characteristics. Thus, fttleice of the proper switch is

essential in order to achieve as less interferasqessible to the circuit operation.

1.2. RF switches

RF switches are playing a key role in the develapnoéthe modern communications
systems. When an RF system is considered, theeiwwip or bus connectors used in
standard electric circuits are replaced by coaaa microstrip lines and the switches
are become more complicated devises as they irteodesistance, capacitance and
inductance in signal-to-signal and signal-to-groupdths. The wide frequency
spectrum used for RF applications requires diffessvitch technologies for various
frequency-bands of application. The appropriatec®n of the most suitable RF
switch can make the difference in not only meetimgintended design goals but also
reaching marginal performance. Taking great cath®fspecifications, an RF switch

can be optimized to achieve the desired performéorcgpecific applications [2].



1.2.1. Specifications of RF Switches

The RF characterization of switches is definedHgydcattering (S) parameters. These
parameters describe the switch’s behavior whenigfaks are passing through them.
Additionally there are some more parameters whhat have the same significance
for all types of switches, but they describe eéfitly the operation of the switches

and their capability to work adequately in differ&¥ applications.

1.2.1.1. Insertion loss
The insertion loss of an RF device describes fisiefhcy in signal transmission. In
the case of a switch, the insertion loss is spetifinly when the switch is in the ON
state or in any way a signal is getting transmittedugh. This is specified in terms of
the transmission coefficier®; (dB), between the input and output terminals & th
switched circuit. The understanding of the concefpinsertion loss can be done
considering a switch as a low-pass filter. Everjdwhas some parasitic capacitance,
inductance and resistance. The combination of thasasitic components attenuates
and degrades the signal the switch is routing. @dwer loss and voltage attenuation
caused by these components, varies with the freyueinthe input signal and can be

guantified by the insertion loss specificationtod switch.

1.2.1.2. Isolation

Isolation is defined as the magnitude of a sighak igets coupled across an open
circuit. The isolation of a switching system is gfied when there is no signal
transmission through the switch. This is also d&fims transmission coefficieSf;
(dB), between the input and output terminals ofdimtched circuit when the switch
is in the OFF state. Isolation is also a frequeshelyended feature, either in the case of
semiconductor-based solid—state switches, whaseré@presented mainly by parasitic
capacitances, or, in the case of electromechaswithes, where it is relied on the

value of the capacitance created between the dsntac

1.2.1.3. Impedance matching
Impedance matching is a critical element in higlgfrency design. The switching
device should be matched at both input and outidessfor both ON and OFF state
of the switch, to minimize its influence on the foemance of the rest of the system.
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This is specified in terms of the input reflectionefficient S;; (dB), between the
input of the system and the input of the switchwedl as of the output reflection
coefficientS,, (dB), between the output terminals of the switold ¢he output of the
switched system. Improper matching results in unegneflections within the circuit,
which can cause major damage to the rest of thermysAlthough ideal matching is
seldom achieved, care should be taken to minintigereflections within acceptable

limits.

1.2.1.4. Transition time

The transition time is a measure of speed at wthehposition of a switch can be
toggled. For a mechanical switch, this is definedhee time required for the moving
contact to leave one stationary position and stitleeopposite stationary contact. For
a solid state switch, the transition time is tmeetirequired for the output RF signal to
rise from 10% to 90% of its maximum value for OFR-@ansition and 90% to 10%

for ON-OFF transition. In other words, it is theng taken for the output voltage to

change to within 1 dB of the final state [3].

1.2.1.5. Switching speed

The switching speed also represents the time fglitag from one state of the switch
to the other. However, in this case, the time isasneed from 50% on theontrol
voltageto 90% of the RF envelop when the switch is turaed4]. Similarly, when
the switch is turned OFF, the time is measuredhdl RF signal voltage reaches 10%
of the original signal. Hence, the switching ratdhe time required for the switch to
respond at the output due to the change in comtlbhge. Various delays such as
driver delay and driver rise time are added tortlexhanical switching time or the
transition time. Therefore, a semiconductor cotgtblswitch is much faster than a
mechanical one. The switching speed is always fatyn the transition time of a

switch.

1.2.1.6. Power handling
Power handling is a measure of how efficiently RIe signal is passing through a
switch. This is commonly specified in terms of @B compression point, which is

adopted from the amplifier characterization indysliris commonly assumed that the



output power level follows the input power withiadlar ratio. Nevertheless in many
devices there is a maximum power handling abovelwttiis linearity does not hold.

The 1 dB compression point is defined as the maxinmput power level at which

the output power differs by 1 dB with respect teehrity.

1.2.1.7. Bandwidth
Switching systems, with the exception of capacitRie-MEMS switches and PIN

diodes, do not have a limit on their lowest frequenf operation, but all of them
have an upper limit. For semiconductor solid-stkeices this is due to the finite time
in carrier mobility. In the case of electromechahiswitches, the losses that created
from resistance and parasitic reactances, dueeio gshapes and values, are the main

cause limiting the performance at higher frequesicie

1.2.1.8. Actuation voltage
All automated switching systems require a contighal for actuation. Depending on
the scheme and its efficiency, these control veltagary significantly. For
semiconductor-based solid—state switching systémssjs not an important problem,
although if electromechanical switching systemsamecerned, bringing down these
voltages to levels compatible with the rest of ¢ireuit may become a serious design

issue.

1.2.1.9. Lifetime
This is also not a significant issue consideringnisenductor-based solid-state
switches, but in electromechanical switches thablve moving parts, lifetime may
have to be considered. The breakdown of such mostmgponents is due to arcs
created during switching especially under hot magberation [2]. Additionally
fatigue and environmental effects limit the lifespd these systems.

1.2.1.10.Resonant frequency
This is another parameter that concerns only eeechanical type of switches [5].
Their moving parts have resonant frequencies tlaat lbe modeled in terms of
effective spring constants and resonating masthig\frequency, the potential energy

and the kinetic energy tend to resonate. This faqu limits the maximum rate at
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which the switch can be toggled, although it viltywaas no bearing on the frequency

of the actual RF signals the switch carries, asithmany orders higher.

1.2.2.Types of RF switches

The RF switches, according to their principle oéigtion, can be divided in two main
categories, the electromechanical and the solid &B& switches.

1.2.2.1. The electromechanical RF switches
The mechanical switching is done through a makeealbin the transmission line by
a control signal. According to their size and aatiion mode can be divided also to the

following categories:

1.2.2.1.1. Traditional electromechanical switches
The traditional waveguide and coaxial electromemd@nswitches and relays use
electromagnetic force in order to cause a metadiittact physically to open or close.
These mechanical switches can be designed to tuamad off in different ways. For
example in a latching system, the switches canuié ib normally open modevith
all output ports disconnected from the input utité actuating voltage is applied, or
normally close mode with all output ports connectedhe input until the applied
actuating voltage removes them from their closesitipm [6].
These switches are fabricated and packaged inietyaf combinations and support
a wide range of signal characteristics, from lowltage/current to high
voltage/current and from DC to GHz frequencies. Ttave circuitry in
electromechanical relays is galvanically isolateoint the relay contacts, and the
contacts themselves are also isolated from eadtr ¢8). Generally the waveguide
and coaxial electromechanical switches offer ontliteg isolation and insertion loss,
generate very low intermodulation products, and bandle a lot of RF power;
therefore they are the preferred switches for lugifermance power applications.
From the other hand they are bulky devices andr thkeictromagnetic operation
requires high power consumption. Additionally, dwetheir mechanical operation,

these types of switches generally have a very dawtching speed (2 to 50ms),



forbidden figure for many RF applications while yhare unreliable for long-life

applications.

1.2.2.1.2. RF Micro Electromechanical Systems (RF- MEMS) switbes
Thanks to the progress of technology and batchidation, the exceptional RF
characteristics of mechanical switches can be feeamesl into the micro-world.
There are two distinct parts to an RF MEMS switte actuation (mechanical)
section and the electrical section. The force megufor the mechanical movement is
obtained using electrostatic, magnetostatic, pieztic, or thermal designs. The
switches can also move vertically or laterally, eleging on their layout. As concerns
the electrical part, a MEMS switch can be placetheei in series or shunt
configurations and can be a resistive or a capacttbntact switch.
Electrostatic actuation is the most prevalent tepin use today due to its virtually
zero power consumption, small electrode size, thyers used, relatively short
switching time and they have overcome some of thaom manufacturing
shortcomings of their conventional macroscopic raeaal counterparts [5].
The RF-MEMS switches presents almost ideal RF chbariatics from DC to 100GHz
depending on the type (resistive or capacitivefast zero power consumption, small
size, linearity and integration compatibility wighectronics.
This ideal picture is disturbed by reliability aligtime issues that have to be solved,
since up to now very few efforts managed to get roencialised [7]. Additionally
they require an actuation voltage of 30-80 V, whigtessitates the use of CMOS
step-up converters to raise the input 3—5 V contottge (mobile applications) to the

required actuation voltage.

1.2.2.2. Solid state electronic RF switches
When high switching speed, ruggedness, low cost @rdmercial availability is
concerned, solid-state electronic RF technologiBeN (diodes and GaAs-FET
switches) are preferred instead of electromechhsigdches. In spite of this design
flexibility, two major areas of concern with soldiate switches exist: linearity issues
and upper limits for frequency bandwidth. When apiag at high RF power,
nonlinear switch behavior leads to spectral regnoamd causes adjacent channel

power violations (jamming) as well as signal nom®blems. The other serious
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drawback of solid state switches is their fundaraledegradation of insertion loss and

isolation at signal frequencies above 1-2 GHz.

1.2.2.2.1. PiN diode RF switch
A PiN diode is created with a wide, lightly dopeehn intrinsic semiconductor region
between a p-type and n-type semiconductor regiarsch are used for ohmic
contacts. At dc and low frequencies, the PiN digdgmilar to a PN diode; the diode
resistance is described by the dynamic resistahdbeol-V characteristics at any
quiescent bias point [8].
At RF and microwave frequencies, when the dioddorsvard biased, holes and
electrons are injected into the intrinsic-regiord dhe diode behaves like an almost
perfect (very linear, even for large signals) resis(Rs). This high-frequency
resistancdis may vary over a wide range (from 0.1 ohm to @) knd is determined
only by the forward biased dc current. When the Bidte is reverse biased, there is
no stored charge in the intrinsic-region and thaaebehaves like a Capacitancg)C
shunted by a parallel resistance)(Ressentially independent of reverse voltage. The
lowest frequency at which this effect begins todprainate is related mainly to the
dielectric relaxation frequency of the intrinsigian [9].
In switching applications, the PiN diode shouldailiie control the RF signal level
without introducing distortion which could poteriyachange the shape of the RF
signal. An important additional feature of the RiMdde is its ability to control large
RF signals while using much smaller levels of dcitation. The main drawbacks of
PiN diodes are the relatively high power consumptib-100mW), and the

degradation of RF characteristics (insertion logsiaolation) above 1-2GHz [5].

1.2.2.2.2. GaAs-FET RF-switch
Gallium arsenide Field-effect-transistors (GaAs BE@re used as two-state switch
elements in RF control device applications. Thesijral flows from source to drain,
while the RF isolated gate is the voltage contftle high impedance OFF state is
attained by applying a DC voltage on the gate mmgative than the pinch-off
voltage (\b). In this condition the source-drain channel ssed and the behavior of
the switch is capacitive. The peak (gate-sourcgate-drain) voltages in this state

may not exceed the gate-source or gate-drain bosakdvoltage, to prevent
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avalanching. The capacitance is typically 0.25 pFmm of gate periphery. The ON
state occurs when 0 V bias is applied to the gdte.channel from source to drain is
open and represents a 2.5-Q.%esistance per mm of gate periphery [10].

The GaAs FET'’s are very fast switches easily adaptemonolithic design as they
interface with other FET circuits, without additedrprocessing steps to be necessary.
They dissipate essentially no power, as the onlydD@ent that flows is the leakage
of the gate-source and gate-drain reverse biasectigms and since no further
external bias circuitry is required, the switclniserently broadband.

The power handling of the switches is primarily itea by their current handling
capability, which is related to the IDSS of the FHTe IDSS is a function of the gate
periphery which then determines the source-drgpaciégance [11].

However, for signal frequencies above 1 GHz, tlsediel-state switches have a large
insertion loss (typically 1-2 dB) in the pass-ttgbustate and a poor isolation
(typically on the order of -20 dB) in the blockistate [12].

1.3. Applications of RF Switches

RF switches and switching networks are used inuaily every communication
system. Their application areas are focused mamlgeconfigurable apertures for
defense and telecommunication systems, switchingwanks for satellite
communications, instrumentation and wireless appbas (portable units and base
stations) [13]. More specifically they create shitg sub systems such as:
Transmit/Receive (T/R) switches, Programmable at#rs, Phase shifters (digital),
Switched filter banks, Switched diversity antennd&econfigurable matching

networks, Reconfigurable antennas, etc.

1.3.1. Transmit/Receive (T/R) RF switches

Transmit/Receive (T/R) RF switches are main buildiblpcks in radar and
communication systems RF front-ends. Their abttitget fully integrated with other
circuits and operate over very wide bandwidths gseatial to enable wideband
systems on chip. A T/R RF switch is a two-pole Erfirow arrangement that

multiplexes the use of the antenna between the PAmlifier (PA) of the transmit



section and the Low Noise Amplifier (LNA) of thecadve section. T/R RF switches
must be highly linear to ensure that high powenaig at the output of the PA will be
transmitted to the antenna with minimum distortidrhis linearity requirement
comprises a serious challenge in integrating T/RsRitches into on-chip designs

especially as the supply voltage in standard CM@®sicontinuously [14] [15].

1.3.2. Programmable RF attenuators

The RF attenuator is another universal buildingbhwithin the RF design arena. The
main job of RF attenuators is to reduce the le¥ehe signal in order to protect a
stage from receiving a signal level that is tochhig handle. An attenuator may also
be used to provide an accurate impedance matclingost attenuators offer well

defined impedance. Switched Programmable RF attersuare widely used in test

systems where signal levels may need to be chafdex are often seen as small
boxes with a number of switches, typically for 1428, etc dB change for each one,
respectively [16].

1.3.3. Phase shifters

Microwave and millimeter-wave phase shifters areeeSal components in phased-
array antennas for telecommunications and radaticappns. The fundamental

function of a phase shifter circuit is to produceeplica of the signal applied to its
input, but with a modified phase. Its performargeharacterized by its insertion loss,
bandwidth, power dissipation, power handling calggband insertion phase [17].

In the switching (digital) phase shifter, the indoghinput signal is routed / switched
through one of many alternate paths to the ougtas to introduce specific phase
shifts with minimum loss. There are four essertygles of digital phase shifters as

described below:

1.3.3.1. Switched line phase shifters
The switched line phase shifters consist of difieréength transmission lines
interconnected via RF switches. The phase shift lmareasily computed via the

difference in the electrical lengths of the refeeemrm and the delay arm [18]. The



phase of any transmission line is equal to its tlengultiplied by its propagation

constanp and the differential phase shift is given by:
A@ =PB(liong - Ishor)

1.3.3.2. Switched low-pass/high-pass filter phase shifters
The switched low-pass/high-pass filter phase sisiftensist of two parallel arms one
of low pass filter and one of high pass filter ¢eelaby dual lumped LC networks
exploiting the phase shift displayed by them. Tighipass/low-pass phase shifter can
provide almost constant phase shift over an oataveaore. Moreover it offers a very
compact and smaller layout because lumped elenagatased instead of delay lines
[19].

1.3.3.3. Reflection type phase shifters
The principle of operation of the reflection typleage shifters is based on switchable
terminations, which create switchable reflectiorefioients. They practically use
switched line lengths to alter the electrical léngdtvith the added length the signal
incurs twice the extra electrical length as thenalgis reflected back. This

implementation also tends to save space, compart tswitched-line topology [20].

1.3.3.4. Loaded line phase shifters
The loaded line phase shifters, is consists ofchaltle stubs which are separated by a
spacing of line, and disposed along a main trarsardine. Each stub is terminated
in switches that enable a connection to ground ipg on whether they are in the
ON or OFF stateThese phase shifters work by adding a shunt reeetém the

transmission line resulting to a phase shift toitisedent signal [21].

1.3.4. Switched RF filters

The switched RF filters are essential units in db@and communications systems and
can be distinguished in two categories, the swidcHdter banks and the
tunable/switched filters.
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1.3.4.1. Switched filter banks

The complex signal processing requirements of hraad communications systems
have long employed switched banks of filters beftire receiver’'s front end, to
remove out-of-band spectral components from thaeatsycaptured by the antenna.
The simplicity of their name contradicts with thamplex nature of these subsystems,
which combines multiple types of filters and toppés as well as high-performance
RF switches and other components to achieve thigabts result in each channel
[22].

1.3.4.2. Tunable/switched RF filters

The tunable/switched RF filters are used for mahidh communication systems,
radars, and wideband tracking receivers. In thee d&F switches are used to add or
subtract capacitance (usually lumped elementd)artunable capacitor banks to vary
the resonant frequency of the filter. Choosing ¢berect type of RF switch in this
category of tunable filters has to be done cargfulli order to avoid incompatibility

and linearity problems that degrade the efficieotthe filter [23].

1.3.5. Switched diversity antennas

Switched antenna diversity is a transmission methadhich more than one antennas
are used to receive or transmit signals along miffe propagation paths to
compensate for multipath interferences. Due to ipailh propagation interference
effects between network nodes, the received siginahgth may strongly vary, even
for small changes in the propagation conditiongectihg the link quality. These

fading effects may result in an increased erraorflor loss of the connection between
devices. Applying antenna diversity transmissiochiéques in such scenarios
improves the reliability of an RF connection betweetwork nodes. Switching is the
easiest and the least power consuming of the aatéiwersity processing techniques
although periods of fading and desynchronizatiory macur while the quality of one

antenna degrades and another antenna link is isstadb[24] [25].
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1.3.6. Reconfigurable matching networks

Reconfigurable impedance matching networks areckeyponents in any multi-band
RF transceiver circuit. They are used to increageadverall system performance in
terms of power efficiency and linearity by compdimga for the input/output
impedance variations between the various buildilogks within an RF front-end.
Impedance variations in PAs, antennas and LNAs, cagsed by switching the
frequency band of operation or by adjusting thepoutpower level [26]. Various
tuning techniques such as the Distributed Transamsdine (DTL) and the
transmission lines with periodic Defected Groundu&ures (DGSs) have been
developed to construct tunable impedance matcheétgorks employing RF switches
[27].

1.3.7. Reconfigurable antennas

A Reconfigurable antenna should be able to varppisrating frequency, impedance
bandwidth, polarization and radiation pattern iretegently, to meet any potential
changes in the operating requirements. Howeverdéwelopment of antennas with
the above characteristics introduces significamllehges to both antenna and system
designers. These challenges lie not only in oltgirthe desired levels of antenna
functionality but also in integrating this functality into complete systems. As in
many cases of technology development, most of ty&em complexity and
incompatibility will come from the surrounding teudlogies that enable
reconfigurability rather than the actual antensalit[28].

The characterization of an antenna requires tweegypf information: the input
impedance characteristic over frequency (frequeresponse) and the radiation
characteristic (radiation pattern). Usually, freqeye response is considered first
because without a reasonable input matching, asy#&em may suffer from severe
reflections, which deteriorates its efficiency. @nhe antenna’s frequency response is
known, the radiation patterns are examined. Theacheristics of the antennas can be
manipulated through reconfiguration of physical guaeters using RF switches.
Several approaches have been proposed for implemgerdgconfigurable antennas

and array antennas as described below.
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1.3.7.1. Planar dipole antennas
The control of the resonant frequency of a plamaold antenna, can be accomplished
simply by changing its physical length, adding obtsacting t-lines via RF switches
[29].

1.3.7.2. Slot antennas
Slot antennas can also become reconfigurable aseow resonant frequency by
using RF switches and small indentations in the gbp.The antenna tuning is
realised by changing its effective electrical ldngthich is controlled by RF switches

along the slot antenna [30].

1.3.7.3. Microstrip Antennas
Microstrip antennas can be easily reconfigured lagipg MEMS series switches at
the radiating edge. RF switches connect extra aectof t-lines to the microstrip
antenna, thereby lowering its resonant frequenty, [3

1.3.7.4. Aperture Antennas
A reconfigurable aperture antenna is a planar aofaglectrically small, metallic
patches that are interconnected by RF switchles.antenna can be reconfigured to
meet different performance goals such as bandveadthpattern, simply by changing

the state of the switches [32].

1.3.7.5. Microstrip-Patch array antennas
In this configuration, groups of patches are eieally connected via RF switches.
The various groups operate at multiple frequenceegording to their size. By
electrically connecting or disconnecting the mitrpspatches, the resulting overall
patch geometry acquires a side effective lengthstyagbe that is concomitant with the

desired frequency of operation [33].

1.3.7.6. Reflect Arrays.

Reflect antenna arrays are designed to behavalpa@rabolic reflector [34]. This is
achieved either by inserting a fixed phase shitaath antenna element or by slightly

changing the length, thus the reflected phase, aoh eantenna element. Reflect
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antenna arrays can also rotate the polarizati@mafcoming wave if a dual-polarized
element is used. An advantage of reflect arrayshes possibility of electronic
scanning, which is easily done by using a variglase shifter at each element or by
slightly controlling the length of each elementsitherefore evident that RF switches
and controllable phase shifters can be used in s@tibn with reflect arrays to build

multiple frequency systems and polarization rotagstems [35].

1.3.7.7. Multiple layers array antennas.
In this configuration, each layer may be eitherasray of antennas optimized to
radiate in a particular frequency range or an imalgee intended to reflect within a
particular frequency range. The RF switches ara tised to appoint which layer is

operative [36]

1.4. Motivation for this Thesis

RF-MEMS switches comprise an excellent choice feconfigurable antennas
implementations due to their exceptional electrometig characteristics. Nevertheless
they are not considered as mature devices since selability issues have not been
addressed adequately yet. Nowadays some desigrtsefimanaged to be
commercialized (Radant, Memtronics, etc) but theése plenty of room for
improvements. Great effort is put in developingigies capable of facing specific
issues such as controllability, robustness, as a®lhandling of relatively high RF
power.

Efficient control of RF MEMS is a very importantsige as it is correlated to main
failure mechanisms/modes such as the impact fore @uncing phenomena.
Considerable work towards this field is presentedicating that different techniques
have to be applied depending on the type of switicith in principle is a mechanical
device. Another important point is the role of emuation control system due to its
capability to confront efficiently manufacturingagertainties as, in the particular field
of reconfigurable antennas, an ensemble of switbheso be used.
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1.5. Scope of the Thesis

The contents of this thesis describe a two-foldiagfon: a design of an ohmic RF-
MEMS switch and the development of a generic ntaltyet statistical optimization
method based on Taguchi’'s technique. The novel of®R-MEMS switch design is
specified for use in microwave reconfigurable anten applications. A novel
approach of Taquchi’s optimization technique isdusecontrol the actuation pulse of
RF-MEMS switch in order to minimize its failure mexl Additionally this novel
method is used for more complex electromagnetidicgipns for optimization of
frequency response and radiation pattern of a fegoable antenna.

In general, the objectives of this thesis are:

e Design and development of an in-line-series ohmkeMEEMS switch for
microwave antennas applications. The special charatics that appoint this switch
suitable for this type of applications are: simijic controllability, relatively high
power handling, linearity, longevity and reliakylit

e Development of a novel, multi-target, multi-paraeretglobal statistical
optimization method based on Taguchi’'s techniquegrder to control the actuation
pulse of the ohmic RF-MEMS switch. The objectivetlut is to eliminate unwanted
switching effects such as the high impact force laodncing phenomena during the
switch’s ON and OFF transitions, which is the mfaifure mechanism. Ameliorating
the operation features will significantly increaske longevity and the reliability of
the switch.

e A thorough comparison between the simple “Uniforswitch design the
developed “Hammerhead” switch as well as the wativikn “NEU” switch.

e A new extended version of Taguchi’s technique nari@dd Taguchi” has
been developed in order to solve the only drawhgickhis technique (the narrow
search area), compared to other stochastic optilmizenethods such as PSO.

e Finally, all the above are combined together ineortb create a novel
reconfigurable (frequency and pattern) Yagi-Udaana configuration.
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1.6. The original contribution of this work

This thesis contributes to design of a novel ohrRE-MEMS switch for
reconfigurable antennas aims at simplicity in ortteconfront manufacturing yield
and to controllability in order to make it opera@d efficient. Author's main

contributions in this thesis include:

¢ A novel ohmicRF MEMS switch desigrThe proposed design it is focused on
simplicity controllability and power handling and intended to be used in
reconfigurable antennas structures. [338], [39], [40], [41], [42].

e Development of Taquchi’'s optimization method for lmparameter, multi-
target RF applications. [162]

e Optimization of the tailored actuation pulse cohtmethod for RF-MEMS
switches using Taguchi’s technique. [161]

e Quantifying of Resistive Damping to control verystféaRF-MEMS switches
[163].

e Development of the “Hybrid mode”, a novel controétimod for RF-MEMS
switches consisted by a compination of Optimizeldrad Pulse and resistive
damping techniques that offers good switching teswnd fabrication

uncertainties immunity [164], [165].

e A new version of Taguchi’'s statistical optimizatiomethod “Grid-Taguchi”

capable for efficient and systematical searching wider area.

e A switchable 3 elements Yagi-Uda antenna prototypin frequency and

radiation pattern reconfiguration.
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1.7. Thesis structure

The thesis is divided into 6 chapters. Following timtroductory chapter, which
comprises a review of RF-switches their types golieations,Chapter 2 presents

the various types of RF-MEMS switches and theiticai review while concentrates
mainly on the ohmic type and its reliability issu€hapter 3 focuses on the design
and modeling of a novel ohmic RF-MEMS switch argldomparison with existing
designs. The control methods for ohmic RF-MEMS Wwhiwlude step pulse control,
tailored pulse control, optimized tailored contnolilse via Taguchi’s statistical
technique, resistive damping and optimized hybridden control via Taguchi’s
techniqgue are presented fDhapter 4. In Chapter 5 a pattern and frequency
reconfigurable printed 3-elements Yagi-Uda antenwvtaich is using 32 RF-MEMS

switches, is designed and optimized through anutheol of Taguchi’'s method, the
Grid-Taguchi’'s optimization technique. Finally, olusions and future work are

discussed ifChapter 6.
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2. RF-MEMS switches

2.1. Introduction

In the field of microwave communication technolagi@ltra miniaturized system
architectures are of significant interest espegcialhose featuring additional
functionalities in combination with minimized engrgequirements. RF-MEMS
switches, comprising valuable part of this emergitgghnology, brought the
revolution in RF and microwave applications. Thesdtches are basic building
blocks exhibiting outstanding RF performance, véow insertion loss and high
isolation. In addition, they operate at ultra-loawer levels with excellent linearity

and extremely low signal distortion.

2.2. RF MEMS switches

Components built with MEMS and micromachining halemonstrated significant
improvements over conventional ones, in severasaemd the Holy Grail of MEMS

devices is the micromechanical RF switch. [43]. Timst RF MEMS switch

specifically designed for microwave applicationsswaroduced in 1991 by Dr Larry
Larson at Hughes Research Lab [44]. The switchilstyabo perform well up to few

tens of GHz was a significant advantage over ssiie and mechanical switches
(Table 1). While the first RF MEMS switch was faorh perfect, its attractive

performance brought many research institutes, cammpand universities on its track.
The release of the first RF-MEMS switch was folloW®y a number of other designs
and there were great expectations in the idea wéldping a new generation of
devices capable of outperforming the current mechanand semiconductor
switching technology. RF circuits based on RF-MEM®Bitches such as phase
shifters, reconfigurable antennas, and impedanoenducircuits, can be used to
replace the solid state switching technology in lawd medium power applications

while they have the potential to be used for creghiighly flexible RF systems.
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Table 1 Performance comparison of switches basd&®FeNMEMS, PiN Diodes, GaAs
FETs and electromechanical relay (EMR) technol@dy.|

PARAMETER RF-MEMS | PIN-DIODE GaAs FET | EMR
Voltage (V) 20-80 +3-5 3-5 3-24
Current (mA) 0 0-20 0 15-150
Power Consump. (mW)| 0.05-0.1 5-100 0.05-0.1 <400
Switching time 1-300us | 10-100ns| 1-100ns | >1ms
C.p (series) (fF) 1-6 40 - 80 70 — 140 ]
Rs (series) 2) 05-2 2-4 4-6 <0.1
Cutoff Freq. (THz) 20-80 1-4 05-2 0.005
Isolation (1-10 GHz) (dB >40 >35 15-25 >40
Isolation (<10 GHz) (dB)|  25-40 20-35 <20 -
Loss (1-10 GHz) (dB) | 0.05-0.2| 0.3-1.2 0.4-25 <0.3
Loss (>10 GHz) (dB) 0.1-0.2 0.7-2 >2 -
Power Handling (W) <1 <10 <5 10
3% order Int. (dBm) +66 — 80 +27 — 45 +27 - 45 >60
Life cycles >10° 10° 10° 0.5-5x106
Size small small very small large

RF-MEMS switches are well known for their remarleablectrical characteristics.

These are listed below:

e Very low insertion loss, consequently better ndidg. and sensitivity of RF
systems.

e Very high isolation, allowing high frequency the igling operation with very
high frequencies.

e Extremely high linearity, which keeps harmonicsraermodulation products low.
Thus they are excellent candidates for broadbanmnumications systems,
especially for those requiring high dynamic range.

e Very low power consumption, due to electrostatieragion, which makes them
suitable for battery-hand-held devices, as welasllite and space systems.

On the other hand they are also characterized by:
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e Low switching speed, which is the Achilles Heelalf RF-MEMS switches, a
characteristic which is related to their mechanigagsonant frequency.
Electrostatically operated devices have typicaltavimg-time in the order of
microseconds up to 10s of microseconds. Despitdatiethat MEMS switches
operate slower than their electronic counterpafey are still useful in many
applications.

e Low power handling, nowadays most of the RF-MEMStdves cannot handle
more than few watts of RF power.

e High-Voltage Drive, the electrostatically actuateB-MEMS switches require 20-
100V for reliable operation and this necessitatesltage step-up-converter when
used in mobile telecommunication systems.

e Reliability issues, mature RF-MEMS switches canraggeproperly up to 1 trillion
cycles under cold cycling mode. However, under immtde of operation this
number is reduced significantly. Long-term relidpil(years) has not yet been
addressed.

e Packaging, RF-MEMS switches need to be packagedneént atmospheres
(nitrogen, argon, etc.) and in very low humidityplying in hermetic seals, which
itself may adversely affect the reliability of tR&-MEMS switch.

e Cost, although RF-MEMS switches have the poteofialery low manufacturing
cost, similar to VLSI design, the cost is increadesimatically due to the devise-
level hermetic packaging

Technology maturity is defined relative to the pemiance requirements. Current

switch designs perform within the specificationst d&y some commercial

communications applications, and the first comna¢r&F-MEMS switches became
available recently [7]. Although many advances h@een made in the last two
decades, the overall maturity level in RF-MEMS shWitechnology remains low and
there is plenty of room for more improvements toetneustomers’ expectations for

quality and reliability.

2.3. RF-MEMS switch types

RF-MEMS switches can be distinguished in two maategories the capacitive

switches and the ohmic switches. Their actuationef® can be generated by several
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methods such as electrostatic, magnetostatic, @ieziic and thermal. Among them
the most prevalent, is the electrostatic actuatamjt requires almost zero current
consumption. In the electrostatic method the pakdifference between two charged
plates produces mechanical movement. The switcdreslso move in the vertical or
lateral axis, depending on their layout while, egards their electrical part, this can

be placed in either series or shunt configuratiasshown in Fig. 1.

? Vdc
:_E RF Transmission Line
% Choke
DC
DC Block Block RE.out
HF In
Shunt <>
Switch d/ I:]
RF Signal
—L___ Generator E— —

(@)
{P Ve

I RF Transmission Line

= Choke
DC
DC Block Block
RF-Out
o Rl

—

—
RF-In Series Switch
RF § 7 |:|
Choke
RF Signal
Generator

(b)
Fig. 1. (a) Parallel RF-MEMS switch configuratigh) Series RF-MEMS switch

configuration

Most of the switches are fabricated using surfasamachining and are compatible
with post-CMOS, SiGe, and GaAs integration [46].
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2.3.1. Capacitive RF-MEMS switches

Capacitive RF-MEMS switches use a thin layer ofetigic material to separate two
conducting electrodes when actuated. The dieletdsier prevents direct metal-to-
metal contact. These switches generally operagéesimunt switch configuration where
the RF signal is shorted to ground by a variabgacd#or, as shown in Fig. 2 & 3.

Vhias J|4.
| % RFout
MEMS bridge

T~ &

coplanar
waveguide

# substrate

RF in

Fig. 2. Parallel capacitive RF-MEMS switch [47]

In this case, a grounded fixed-fixed beam is sudgerover a dielectric pad on the
transmission line. When the beam is in the up mosithe capacitance that created is
on the order of fF, which is translated to a higipeédance path to ground and the
switch in the OFF state. When an appropriate dt¢agel is applied between the
transmission line and the electrode, the inducedtestatic force pulls the beam
down acting as a coplanar waveguide with the dietepad, while the capacitance
increases to pF levels, reducing the impedancheopath through the beam for high
frequency RF signal and driving the switch in thHe Sate.

In a series configuration the fixed-fixed beam eplaced by a cantilever and the

switch is placed along the RF line.
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Fig. 3. Different types of fabricated capacitive-RIEMS switches [48]

However, the thin layer of dielectric material wiinly conduct signals with
reasonable insertion loss when the coupling betweeaductor electrodes, is above a
certain frequency. Moreover, their bandwidth isiled by the capacitance ratio
between the ON and OFF states and generadl\Rt- signal range for capacitive RF-
MEMS switches is 4GHz-120 GHz [46].

2.3.2. Ohmic RF MEMS switches

The basic structure of an ohmic RF-MEMS switch ¢sissof a conductive beam
suspended over a break in the transmission lin@i©br resistive or metal to metal

contacting switches are generally used as serigsh®s, as shown in Fig. 4 & 5

Dielectric
Support

Pull Down
Anchor Electrode

—

4 Anchor

Pull Down Switch
Anchor Electrode Contacts

(a) (b) (c)

Fig. 4. Series RF-MEMS switch configurations (ap&lside series cantilever type,

(b) Broadside series fixed-fixed type, (c) in-liserieg49]
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This type of switch is engineered in two types:duside series and inline series. In
the broadside series configuration the switch detugperpendicularly to the
transmission line, as shown in Fig. 4(a) & 4(b).

In the ON-state, the metal contacting part of thétch provides the signal path
shorting together the open ends of the transmidgien The non-contact part of the
beam is used for switch actuation and can be corddy as a single fixed end
cantilever or a fixed-fixed cantilever.

In inline series configuration the actuation istle same plane as the transmission
line, as illustrated in Fig.4(c). The signal entarshe anchor or the fixed end, travels
across the length of the cantilever beam and &xitlse transmission line through the
contacts at the end of the cantilever be@he signal range for ohmic switches is DC
to 40 GHz, with the upper limit to be set by thegsétic capacitance which is formed
between the metallic contacts.

Fig. 5. Different types of fabricated ohmic RF-MBMwitches [48]
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2.4. Ohmic RF-MEMS switches reliability issues

Reliability is defined as the ability of a systemcomponent to perform according to
its specifications under stated conditions for ac#ped period of time [50]. The
reliability of RF-MEMS switches is of major concefor long term applications and
is currently the subject of an intense researcbriefifhe mechanical failure (metal
fatigue in the anchored area) of well-designed om@achined cantilever or fixed-
fixed beams is not a significant problem sincertlogsplacement is less than 5% in
the worst case. Actually, many MEMS switches hagerbtested up for 100 billion
cycles with no observed mechanical failure arouraanchors [51].The presence of
mechanical contact introduces a whole new clasgl@bility issues, related to both
mechanical and electrical phenomena. The vast majoir field failures for ohmic
RF MEMS switches today, are due to:

1. “Contamination”. Contact degradation is one of the primary failtgasons for
MEMS switches with ohmic contacts. The contactstasice increases due to organic
deposits, absorbed hydrocarbon layers and contéioniraround the contact area. The
dielectric layer composition will vary depending the switch contact material. At
low current and low contact loads, this unstabsilating layer between the contacts
is responsible for an unusually high contact rasist, sometimes several orders of
magnitude greater than the predicted values. Theeaphenomenon is the reason for
one of the most prevalent failure modes among ofRRMEMS switches, which is a
sudden large increase in contact resistance. tainarases, it was also found that thin
dielectric layers were formed between the contaetais, and the switch was failing
on its role as a series capacitor. These contaimmdadyers can be mechanically
removed either with a contact force of hundredsuldé [52] or by hot-switching
operation which can be thought as an internal etatt heating method [53].
Unfortunately, the above techniques create additipmoblems as wear and metal
transfer. Correct choice of the contact material mmprovements in cleaning process
and package integrity (in-line chip scale hermptckages that are sealed in a clean
room) [7], along with the elimination of contamiiwat from other materials [54] will

dramatically improve product lifetime.
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2. “Stiction”. The requirement for low contact resistance netassi the use of
relatively soft contact metals and/or high contacte, which sometimes make the
contacts stick together and causing failure [55cti®n phenomena arise when the
surface interaction energy at a contact point &atar than the restoring force which
tend to bring the switch into the equilibrium/opgaosition. In such a case the RF
MEMS switch will stick in the closed position andwill be unable to open. The
adhesive force can come either from the capillargds of condensed water at the
contact surface or from the molecular Van der Wdatse between very clean
surfaces [56]. Capillary forces and humidity probte can be confronted within
hermetically package devices as well as filling pgazkage with an inert gas like
nitrogen [57]. Van der Waals forces arise fromititeraction between two very clean
planar surfaces. In the real world the existencaspkrities and the absorbed layer of
hydrocarbons that exists even in noble metalsditde, don't allow the development
of this kind of forces. At high current conditiorsdiction will generally be generated
by hot-welding.

As a rule of thumb, in order to overcome stictianlgpems and to establish reliable
operation conditions, stiff switch elements capatfi@roviding enough return force
and hermetic packaging are required [58].

On the other hand high return force requires ratndrigh operating voltage to
generate enough closing force to overcome thi$neié and achieve an efficient
contact. To fulfill this requirement additional @iitry is needed (especially for low-
voltage wireless applications) which, in conjunctiith the hermeting packaging

increases significantly the total cost.

3. “Wear”. The wear rate or contact degradation of an ohmitck is mainly due to
the impact velocity of the contacts and is highgpendent on the switching mode,
cold or hot and the switch’s power handling capbiln RF-MEMS switches this
failure mode has been identified that increasestease with cycling, leading to
degraded performance. The switch may bounce aifegstbefore making permanent
contact, due to the elastic energy stored in tHeroeed contact materials and the
actuator. The existence of this bouncing behavioreases the effective closing time
of the switch [46]. Meanwhile, the contact may l@ndged by a large impact force

which can be much greater than the high staticambribrce needed for low contact
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resistance. This repeated instantaneous high imopadhduces local hardening or
pitting of materials at the contact area and datioos in the metal crystal structure.
Thus the lifetime of an RF MEMS switch could bergased by eliminating the high-
speed impact of the switch onto the transmissioe in the case of low power
handling [7], [59].

4. “Cycling mode”. Depending on the application, another factor kizet to be taken
into consideration regarding reliability is the byg life of the switch under cold or
hot switching mode of operation. In the case oflalitching, where the RF signal is
applied right after the switch is closed and rengoveefore the switch opens,
mechanical wear dominates. Contact damage, pitang, hardening of the metal
occur since the same point is repeatedly hit dudypding. In the long term the
contact area is reduced, increasing the contaistaese.

During hot switching, the RF signal is continuouI), even during the opening and
closing of the switch. Hot switching presents a ptately different set of contact and
thermal conditions than cold switching. During ttemtacting period, which can take
up to several ms and include several switch boyribescontact area is very small;
due to the asperities consequently contact resistam rather large. Under these
conditions a voltage transient produces metal grcat the contact site with
temperatures high enough to melt the asperitiekei@nog or melting the asperities
leads to additional failures such as switch shgrfiom nanowire formation and
welding. Significant material transfer and microleveg can occur under these
circumstances, especially under ‘high’ RF powerdittons (100-1000 mW) and the
switch remains permanently closed (stiction eff¢bg]. A solution that improves
dramatically the Joule heat effect under the saoweep and force conditions, is to
increase the actual contact area either by redubiedneight of the asperities, or the
increase of the nominal contact area [60], [61].

Nevertheless, the RF power handling capabilityrfmst MEMS switches typically
provide reliable behavior in the ImW to 100mW rangégh power (P>100mW)
applications available nowadays are limited to avitching conditions [62].

On the other hand, continuous wave RF power operdtiot switching) is clearly of
interest for a variety of high power microwave a&a such as front-end components

and tunable oscillators. It appears that power lagaapability in the power range
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over 100mW, would be a major breakthrough for timéegration of MEMS
components in ‘high’ power reliable systems.

A comprehensive understanding of all the ohmic REM& switch failure
mechanisms has not been achieved due to the abskasg/stematic study of micro-
contact degradation modes, the quantitative failatearacterization and the
complexity of the related phenomena. Instead of #nd due to the fact that
researchers have been driven by the urge of dewgldmgh-reliability switches,
coincidental approach has been followed in mangsasor example, failure analysis
at high power level under hot switching operatienpiarticularly difficult to be
explained because the degradation process can rbplicated due to the several
possible factors such as arcing, transient curneating, static current heating and
mechanical wear which can be also affected by tti@ation voltage, conduct

geometry and material properties.

2.5. Design considerations on an ohmic in-line-
series RF-MEMS switch

The exponential growth of wireless communicatioeguires more sophisticated
system design to achieve higher integration, poseing and robustness. System
design concentrates in developing high frequermy, dcale configurations to follow
the trends of the market for smaller, technolodycalore advanced applications. In
the same manner, technological advances in radgséncy (RF) front-ends, such as
reconfigurable antennas, tunable filters, phadersif switching networks etc require
state of the art switches to allow operation inretige wireless networks [7] [28].
Ohmic switches utilize physical contact of metalthwlow contact resistance to
achieve low insertion loss when actuated. Theilatsan is defined by the coupling
capacitance of the electrodes when the switch snofhus, the ohmic MEMS
switches are used where low loss devices are ragesapable of reliably handling a
few watts of RF power and operating in the freqyerange from DC to 40GHz.
Ohmic switches are generally divided into two categs according to the way they
get actuated, the broadside series and the inéness The broadside series (ohmic
relay), is a four-terminal device that separatesdbntrol signal from the load signal

within the body of the component package or evethatindividual MEMS device
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itself and actuates perpendicular to the transomssine. The inline series (ohmic
switch), is a simpler three-terminal device ardttitee, straightforwardly comparable
to the traditional transistor switch and its op@ratvhile its actuation is in the same
plane as the transmission line. The ohmic switct&s, also, be split into two
subcategories depending on the existence or nan@ahl) of a dielectric layer over
the electrode [63].

Criteria on the choice of the in-line-series typeobmic RF MEMS switch for
reconfigurable antennas applications are the doecespondence with the electronic
switch (which is intended to replace) and the siaitylin order to achieve robustness
and long term reliability since the switch has éodble to perform millions/billions of

switching cycles [59].

2.5.1.Mechanical modelling

The actuation of a cantilever type RF-MEMS candpaduced by a beam which has

one of its ends anchored while the other is freellastrated in Fig. 6 [64].
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Fig. 6 Cantilever beam model with a fixed endxafd)), a free end at (x=I), and an

intermediately placed external loaq, F

The maximum beam tip deflection under the forgeofFan external intermediately

placed load is given by [65]:
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2
d=go=¢;-Bl—a) (1)

go=the initial distance of the cantilever from elecke area
d=the deflection of the cantilever under electrostarce
E=the Young modulus of cantilever’'s material

I=the length of the cantilever

o=the distance from the anchor to the middle oftedele

The area moment of inertia about the z-axis ottargular beam is expressed as:

I, =% 2)
where w=is the width of the cantilever

In eq. (1), all the inputs are determined by thanberoperties except the external
load ;) and the maximum beam tip deflectiod).(If the deflection is relatively

small, the relation of the force and the deflectiobeys Hookes’ law and the

maximum external force (dggequals with:

F, = kg, )
k=the spring constant of the cantilever

The spring constark for the beam shown in Fig. 6 with the electrostétice to
distribute in a part of the cantilever, can be fbloy solving eq. (1) for the applied

force and substituting to equation 2 for area mdroémertia. It can be expressed as
[46]:

3 X
_ t 1
k= 2Ew (3) pEE (4)
t=the thickness of the cantilever
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x=the distance of the anchor to the end of thetrelde when the length of the

electrode is smaller than the length of the cargile

2.5.2.Electrostatic modelling

The governing equations for electrostatic ohmicNREMS cantilever type switches
are based on the parallel plate capacitor modél [B& actuation force is generated
by charging up the metal electrode pads on bothsthiech’s upper cantilever and
bottom part.The electrostatic force applied to the beam is doby considering the

power delivered to a time dependent capacitanceambte expressed by [46]:

egAV?

R, =% )

eo=the permittivity of the free air
A=the area of the electrode
V=the applied voltage

g=the remaining gap between cantilever and eleet(ggd)

The upper electrode snaps against the lower ahe iélectrostatic force is larger than

the spring force. That is the case when the distdretween the electrodes reduces
below a critical distance and can be explainedheypositive feedback mechanism in

the electrostatic actuation. When the voltage soigincreased, the force is increased
too, due to an increase in the charge. Simultamgdtius increased force decreases the
beam height which in turn, increases the capaatand thus the charge and the
electric field. At (2/3)g, the increase in the electrostatic force is gretdtan the

increase in the restoring force, resulting in astable position of the beam.
The critical distance igl = % and is independent of the design geometry. For an

electrostatic MEMS switch, the electrostatic fofeeequals the cantilever restoring
force Fs when the cantilever is in equilibrium. Thereforee tpull-in voltage (¥) is

given by:
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—v(%a) = /Sk_g
Voi = V(3 go) [ 27e04 (6)

Equating the applied electrostatic force with thechanical restoring force, Bue to

the stiffness of the beam, the restoring springdaesults in:

F. = —k(go—g) = —kd (7)

2.5.3.Contact area modelling

For electrostatic onmic RF-MEMS switches, the confarce is relatively low with
values to range from tens pN’s up to a few mN’s. This contact force is detarad
by the mechanical switch design the applied elstatec force. When a pull-in
voltage Vpi is applied, the cantilever is broughtioi contact with the lower contact
area. However, in this case, the resulted contacefis low; the material deformation
usually is too small (elastic region) and the gatezt ohmic resistance is high [67].
The solution is to increase the actuation voltagd above the pull-in voltage. Thus
the upper cantilever begins to bend after pullartteat additional force is supplied to
the contact area. Friction between the contactsexhby cantilever bending may also
help to mechanically wipe contaminant films frone tontact area [68].

After pull-in, the cantilever can be modeled asearh with an anchored end at x=0, a
supported end at x=l, an intermediately-placed resle load F (this is the
electrostatic force §f at x=a, and a supporting force & x=I (this is the contact force
Fc), as illustrated in Fig. 7 [69].

_ egAV? P _ _[3Elz,
Fo= | a?@Bl-a)| - [ (g - ) ®)
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R2=Fc

Fig. 7. The additional cantilever deflection afeitl-down

The contact force can also be given by (9) as abawation of the electrostatic and

restoring forces of the cantilever.
E.=(F—FE) W% ©)

Where, the weighting factor ¥ denotes that the contact force is dependablbeof t
contact conditions and can vary between 40-60%eftotal electrostatic force with
the remaining part contributing to beam flexureg&s damping or lost to the contact
area [45].

2.5.4. Effect of the Fringing Capacitance

In the most popular model of electrostatic parglleke actuators, only the main
electrical field (perpendicular to both electrodissjonsidered. This formulation leads
to a simple model of parallel-plate devices, busihot accurate when the gap size
separating the electrodes is comparable to the gemal extent of the plates [70],
[71]. Thus, the capacitance of the structure indgdhe effect of fringing field has to
be considered. To study the effect of the fringicgpacitance on the switch

mechanics, the following equation describing thédwcapacitance applies [46]:

Cy = ? (125-0.22) (10)
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which, gives a 25% fringing capacitancedat g, and a 5% fringing capacitance

atg = Oum . The electrostatic forcing function is similarlyodified and is given by

_ CaV? _ a
F, =5 (1.25 o.zgo) (11)

The fringing capacitance reduces the pull-down titue to the additional force on the
beam in the upper two-thirds of the switching cydiepending on the relation
between gand d, the fringing fields can affect and the otspects of the switching

mechanics.
For the case that = 290, the electrostatic force is increased by about,1th% pull-

down time is reduced and the velocity is increaamadl consequently the initial impact
force, the final contact force and the conductaareencreased.

Nevertheless, for the case thdt= g, contact force and consequently the
conductance of the switch are not altered becaweséringing capacitance is greatly
reduced in the last one-third of the switching eydtor the same reason the initial

impact force remains about at the same level.

2.5.5. Perforation

The RF-MEMS switches, especially those with widatibaver designs, use small
diameter holes (2.0 um) in the beam to speed up the release etch whdeiag
easier sacrificial layer removd#t]. These holes also reduce the stiffness of the
cantilever as well as the squeeze film dampinge@&sing the switching speed of the
MEMS switch. When holes are used throughout inethiire surface of the beam, the
perforation pattern is characterized by the ligamedficiency, u=I/pitch, defined as
the ratio of the distance between the holes, taisiance between the centers of the
holes (pattern pitch) [72]. The holes also resulailower beam mass resulting to a
higher mechanical resonant frequency.

The effect of holes on the up-state capacitanaeegigible if the diameter of the
holes is less than-3g,. That is due to the fringing fields that fill theea of the holes.
Therefore, the electrostatic force is not affedigdhe holes density or placement as
long as the above condition is satisfied [46].
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2.5.6.Skin depth

If a conductor with nonzero resistance is presena ipropagating electromagnetic
field, the field will penetrate the conductor. Thenetration depth depends on the
resistivity of the conductor and the frequencyh# électromagnetic wave.

It is well known that at higher frequencies almthst entire electric current tends to
flow to a very thin layer in the surface of a coattw, called the “skin effect”. In an
ideal conductor it is assumed that its thicknesthefconductor is very much greater
that the depth of penetration, so that there iseflection from the back surface of the
conductor. Thus, the surface resistance of a dlealiconductor at any frequency is

eqgual to the dc resistance of a thicknéssf the same conductor. However, when the

thickness of the metallic conductor is comparableéhte depth of penetration, wave
reflection occurs at the back surface of the cotatuesulting to a potential very high
insertion loss in the transmission line [73].

In the case of an inline-series RF-MEMS switchgsithe cantilever creates a part of
the t-line, its insertion loss comprises from r#gesloss, skin depth loss and contact
loss. Assuming that the environmental conditiores stable and the resistive losses
and contact losses are stable, the only loss sHagguency dependant is that created
by skin depth effect. Skin depth is defined as disance at which the field is

decayed to &36.8% of its value at air-conductor interface @ndiven by:

1
6 = s (12)

wo=the magnetic permeability of the air

o=conductivity of cantilever’'s material

It has been shown that it needs to be at leash@stithe skin depth of the material
used in the lowest frequency, to be independefretiuency variations. Additionally,
thick cantilever structures allows more power hemgdlavoiding skin effects that

cause Joule heating to be localized near the sudbthe cantilever [74]
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2.5.7. Gas damping
The two forces that limit the switching speed ofRIFMEMS switch are the inertial

force (material damping), which dominates at lowgsures (vacuum) and the gas
damping force which exceeds the inertial forceighér pressures (ambient) [54]. To
obtain sufficiently fast RF-MEMS switches it is esfial to understand the effects of
gas damping. The damping force is dissipative dn@hges as a function of cantilever
position and speed. It reaches a maximum just edfoe switch’s top contact meets
the lower electrodes. At this point the switchresseling at maximum speed while the
gap distance is minimized [75].

Additionally, the dimensions and the shape of tlantitever, the existence of
perforation as well as the modal movement (whico aletermines and the effective
surface of the cantilever), have great influencehendamping coefficient. Increasing
damping increases the switching time but also d@se® the number and the
amplitude of bounces.

A very convenient way of accounting for dampingiumerical models, although the
physical meaning of this approach is not cleaRa&yleigh damping [76]. Coventor
Finite Element Method (FEM) code uses Rayleigh damparameters into dynamic
simulations, in order to determine the modal betrasf a RF-MEMS switch under
various gas damping conditions.

However, systems with multiple degrees of freedarohsas cantilever type RF-
MEMS, it is very difficult to predict accurately éhRayleigh damping parameters
from a set of gas damping coefficients [77] andteof assumptions have to be made
showing the limits of this approach [78].

The dynamic vibration equation can be described as:

[M][x] + [C1[X] + [K][x] = [F] (13)

where [M], [C], [K]and [F] are symmetric mattricesferred respectively as the mass,
damping, stiffness and force matrices. The matrazesnxn square matrices where n

is the number of degrees of freedom of the system.

On orthogonal transformation using eigenvectorsean$ of individual translations

and rotations, this dynamic vibration equation barreduced to the form:
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[mill7] + 51141 + [K][7] = [F] (14)

m=the effective mass,
c=the damping coefficient,
k=the spring constant,

F=the applied force

In this form, the equation represents a collectbancoupled eigenvector equations
H [ Y A 2 _ _
for a multi degree of freedom system wikh:= wim;, ¢; = {jCcrit j, Ceriej = 2Mjw;

and the EqQ. (14) becomes:

(2] + 2802 ] + w?[z] = [£] (15)

w Is the circular frequency
Cresresonance damping coefficient
Cerit=critical damping coefficient

{=damping ratio

Rayleich Damping uses a convenient mass and spmhampgndent relationship to

describe the overall damping,

[C] = a[M] + BIK] (16)
which in orthogonal transformation reduces to tamging relationship,
20jw; = a + fw} 17)

From Eq. (17) it can be concluded that in a mudtgreee of freedom system, there
could be n number of such equations and only twinawns,o. andp. In order to
derive a set of Rayleigh damping parameters tworagsons have to be made.

The first assumption is that only the first modésnost engineering systems matter
for such a damping analysis [77], and second thahé application of interest (RF-
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MEMS switch), is operating below the first resomanitequency in the driven
direction [46]. The reason for this is that accogdito mechanical theory as long as
the frequency of actuation is below the first reswe frequency, the system response
is purely in the shape of the first resonance (math@pe if the actuation is in that
shape [78].

Thus, according to the above assumptions thereoisneed to satisfy Rayleigh
damping relationship equation beyond the first nesce frequency. Nevertheless,
since it is an equation with two unknown parameterandp, the second resonance

frequency is needed to solve for it.

20w, = a + fw? (18)
20wy = a + P (19)

The solution to this system given by:

({1(‘)2_{2(‘)1) (20)

MR o Ry

L= 2@2“’2—‘51“’1) (21)

(wi-w?)

The damping ratio for the two resonance frequenzagsbe computed by:

(=t (22)

Cerita

Where CCT‘it.l == zmlwl

, = resz (23)

Cerit.2

Where CCTit.Z = Zmza)z

Using the Analyzer module of Coventorware, the &rm, w,, y and m can be
determined from MemMech-Modal Analysis. The termgi@nd G.s2can then be
determined from DampingMM-Mode Shape Analysis.
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2.5.8.Quality factor

The main losses that contribute to the total Qefaof a cantilever are gas damping,

material damping and losses through anchors. Ttaéduoality factor is given by:

= — (24)

1
Q ans Qmaterial Qanchor

Because most RF-MEMS devices are operated at atransppressure, the total
quality factor is dominated by squeeze-film dampirigch arises from the interaction
of the device with the ambient gas in the package.approximate formula that
describes the Gas quality factordf of a cantilever beam at resonance is given by
[46]:

\/E u u
Qgas = —MAZA b4 t2g; (25)
cant(eff)
Au=gold

p=density of the material
u=coefficient of viscosity
Squeeze gas damping is modeled in FEM code usigteigh damping parameters,
taking into account various gas-damping effectdyinamic simulations. For weak to
moderate Rayleigh dampirdg0.5, there is a simple relation between the Gasitgyua

factor (a9 and the nondimensionalised damping rétio

1 _ Zmeffwo

2¢ 2Cres

mesi=the effective mass of the cantilever

wo=IS the resonance circular frequency

Material or structural damping is primarily caudey crystallographic defects like
dislocations, twins, and grain boundaries thatcaffee propagation of stress waves
through the material. Material damping depends oith the material and the
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manufacturing technique. Experimental methods shitvatthe material damping of
thin gold beams is abouty@eria=250 [79].

Anchor loss is the less significant parameter @ tbtal quality factor and occurs
when elastic energy is transferred from the devethe substrate through the
anchors.

An important point to consider is the effective ma$ the resonant mode, since only
the end portion of the cantilever is moving. Modahlysis simulations indicate that
the effective mass is around 0.25 to 0.5 of theadcehass of the cantilever [80].
Another point that has to be mentioned is thatHigh-Q structuresQrowa>3 the
switching speed of the device is raffected. However, it has a large effect on the

settling time during the release phase of the $wWgd].

2.5.9. Switching speed
Finally, the switching time of the cantilever typeitch is depended on all the above
(mechanical structure, electrostatic energy, pation, modal movement,
environmental conditions, modal damping, resistiéenping). For cantilever beams
with a small squeeze-film damping coefficient b &2, the mechanical switching

time (t) can approximately be estimated by [46]:

t, ~ 3.67 —2- (27)

Vswgo
Vs=the applied voltage

In (27) various delays such as driver delay andedriise time have to be added in

order the final switching time or the transitiomé to be investigated [4].

2.5.10. Self actuation

Self actuation is another failure phenomenon wiidegrades the RF MEMS switch
operation under hot mode cycling. When an RF signhalpplied to the RF MEMS

switch, with frequency much higher than its resarfamquency, an equivalent DC
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voltage will unavoidably be applied to the switElor high-power RF signals this DC
voltage may generate large actuation force whiagh eecite the switch and finally
close it. This type of failure is more significant capacitive RF MEMS but it can,
also, be observed in ohmic RF MEMS with relatividyge contact areas and low
actuation voltage Y [46]. When no biasing voltage is applied betwedendantilever
and the actuation electrode, the cantilever standbe up state position and the
capacitance loading of the line is minimum. Forrasident wave of power P, the RF
voltage on the t-line is given by:

VAC = 2V+ = ZVPkSin(Ut (28)
where V- = V*=Vpk the peak values of a sinusoidal voltage

The small up state capacitance provides negligdflection (3:;~1) and the resulting

DC equivalent voltag®_.4 is computed as:

Vc-eq = V2Vpi = 24/PZ, (29)

Self actuation failure can occur when the equivialgsit of the RF signal exceeds the
actuation voltage Vpi of the cantilever.

This phenomenon in cantilever type switches camrodaring the transition of the

signal from the OFF to the ON state reducing tlesule time and raising the impact
force. During the ON to the OFF state transitidms ¢quivalent DC voltage of RF
signal may generate electrostatic force, large ghdo hold the switch down even

when the bias voltage has already been turned off.

2.5.11. Electromagnetic characteristics
The inline series ohmic RF MEMS switch can be repnéed with its equivalent

circuit in the OFF and the ON state (without tHaé connections), as shown in Fig
8a and 8b respectively.
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OFF State C2
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ON State e
(b) W

Fig. 8. The electrical equivalent circuits of gwitch

The cantilever can be modeled as a piece of tdomaposed by an ohmic resistance
Rs in series with an inductance. The value of DC resistance; Repends on the

dimensions and the material of the cantilever anglien by:

l-

©

Rs = (30)

3

I=length
p=resistivity
w=width

t=thickness

The self-inductance J.of the cantilever is shape dependant and if trepehs a
straight rectangular bar with length |, width w ahekness t, the self inductance can
be calculated as [82], [83]:

w+t

Lg=2-107-1- [l 242 +—] Henry (31)
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In the OFF-state two parallel capacitors are ctebtgween the contact areas and the
cantilever. Due to the fringing fields the perfapatof the cantilever does not affects
the total contact capacitance. The parasitic cégams which are created between
the two contact areas are negligible compared g¢ore¢hatively big Cc and therefore
can be omitted from the calculations. The capacéamhich formed in each contact

area is given by:
C, = 2de (32)

A =contact area

d=distance between the plates of the capacitor

And the final capacitance of the switch, since wepacitors are formed in parallel

out of the contact areas, becomes:
Csw = 2C, (33)

The total impedance of the switch and its modututhe OFF-state is given by:

1

JwCsw

Zs_orr = Rs + jwLs +

(34)

2
|Zs—orr| = \/RE + (CULs - L) (35)

wCc

In the ON state the impedance of the switch cambeéelled as an ohmic resistance in
series with an inductance. The series resistanceonsposed by the cantilever’'s
resistance Rtogether with the two contact resistancesifR parallel. For ohmic
contact switches, the contact resistangelépends on the size of the contact area, the
mechanical force applied and the quality of theal&t-metal contact.

Rc

st = 7 + Rs (36)

The impedance of the switch and its modulus inQhestate is given by:
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Zs_on = Ry + jwLg (37)

1Zs_on| = /sz + wLg’ (38)

The loss can be derived from the scattering parns@tbtained from the measured

values or the simulated values using a full waveud simulator:
Loss =1 — |511|2 - |521|2 (39)

The correlation between scattering parametersi@@&LC components of the switch
under certain conditions is very helpful in orderestimate either the S-parameters or
the dimensions of the switch. As an example, whendwitch is in the OFF-state
$1<-10dB, the G, created between the cantilever and the contaesarer the
frequency of interest, is calculated as:

_ 52112
¢ 42z}

(40)
The switch’'s ohmic resistancegR is formed from cantilever's and the contact’s
resistance. The inductance of the cantilever caddtermined from the Return loss

(S11) parameter when the switch is in the ON-state.

A R.?w"‘(st)z
1S11| = ——

o7 (41)
Making use of the above equation it's easy to dateuthe R, and the L if there are
two boundary measurements of the. 3 low limit frequency where >>olL the

equation becomes:

RSW
1S1] = 32 (42)

In high frequency limit theLs>>Rs, the equation becomes:
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wLg

|511| = 27,

(43)

Therefore, it is straightforward to determing,@nd Ls from the reflection coefficient.
Care must be taken when the above results areagdlas they do not include the t-
line effects; consequently they are only useful domparison with simulated data

under restricted conditions.

2.6. Modeling of RF-MEMS (Numerical-CAD
Methods)

The development process of RF-MEMS switches is dexypinvolving product
design, manufacturing, packaging and systemic rategn as described within the
research community [84], [85], [86], [87]. Like d& circuit and its common
mechanical structures, RF-MEMS devices can use aten@ided design (CAD) to
facilitate their performance and reliability to te@ the development cycle and cost.
For electronic products design, the technologyl@fteonic design automation (EDA)
serves as a platform to enable circuit designedetign and analyze, making use of
computer help and model libraries provided by faiesland related design kits, in
order to complete the design, development, andntestf devices in the most
economic and efficient method. SABER, OrCad anduBitk are software packages
commonly used. For mechanical products design, M[Mechanical Design
Automation) there are numerous and large-scale acomsoftware to aid design,
manufacturing, and analysis, such as IDEAS, UGId BroPEngineer.

A linking device between EDA and MDA is required fdEMS-CAD to determine
multiple physical coupling effectsuch as the mechanical-electrical coupling effact a
the nonlinearity of the structure and electrostédice. Additionally, effects such as the
non-ideal boundary conditions, fringing fields, quleformation due to the initial stresses,
and non-homogeneous structures further complidaée modeling andncrease the
development difficulties of MEMS-CAD. Numerical sitation of MEMS devices
mainly uses numerical methods, such as the Findm&nt Method (FEM) or and the

Boundary Element Method (BEM), capable of simulgtithe actions of various
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structural components with high accuracy [88]. Tlheawbacks are high computation
complexity and low analysis efficiency.

Many researchers concentrate their efforts in meduche large amount of
computations. Among them Stewart [89] who developegt of simulation methods,
which can be used for microstructures in small atilon situation; and Swart et al
[90] who invented a CAD software, named AutoMM, able of automatically
producing dynamic models for microstructures.

Some others have been worked on the above numarathlods through commercial
simulation software like CoventorWare and improvsignificantly their efficiency.
Pamidighantam et al [91] simulated the system dis@ete system of an equivalent
spring and a parallel plate capacitor in Coventa®Van order to obtain a relation of
the pull-down voltage of the micro-bridge-shapedrbs; however, the deviation was
as high as 18%. O'Mahony et al [92] also analytex microbridge-shaped beams
exposed to electrostatic loads using CoventorWare] inferred the numerical
solution of the microbridge-shaped beams by taltiimgging capacitance effect, the
efficiency of the plate-like phenomenon, and défgrboundaries into consideration.
Lishchynska et al [93] derived the numerical salutiof the pull-in voltage of
cantilever beams, using the CoventorWare simulaaftware, and achieved an error
within 4%.

In the movement process, beams are affected bytiection between electrostatic
force, elasticity-restoring force, and damping &rds a result, the equation of
motion in coupling is often a simultaneous partthfferential equation of an
electrostatic force equation, an Euler beam egoa@od an air-damping equation,
which explain the dynamic actions of the deviceslinthree spatial dimensions. It
would be very difficult to solve this equation ugironly a numerical method.
Therefore, mathematical operations, such as staiable analysis and basic function
expansion methods, are usually employed to tramslgartial differential equation of
infinite dimensions into a system of ordinary diffetial equations of finite
dimensions. This is well known as the reduced omethod. Hung et al [94]
examined the methods to define grids, capable némg¢ing more effective reduced
model. Clark et al [95] determined an effective moet for analyzing the dynamic
actions of MEMS devices, according to which, thenpbicated system is divided into
several basic structural units, and then the etpnvecircuit model, consisting of

those basic structures, is built using the simatafirotocols between similar systems.
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A reduced-order model for the analysis of the barasf microbeams actuated by
electrostatic force is also presented by Younial €6]. The model was obtained by
discretizing the distributed-parameter system ussaderkin procedure into a finite-
degree-of-freedom system, which considered the ctsffeof moderately large
deflections, dynamic loads, linear and nonlineastit restoring forces, the nonlinear
electrostatic force generated by the capacitorg] #re coupling between the
mechanical and electrostatic force. Wen et al fiployed a model analysis method
based on linear disposal near the bias point ierai@ analyze the AC small signal in
frequency domain of beams. Zhang and Li [98] seelaotrostatic-driven cantilever
beam equivalent to a single-degree-of-freedom mtmebnduct its analytical form,
and used a feedback mechanism to realize the cguflime and frequency domain
analyses were conducted, too. In the time domaatyais, stronger driving voltage
leads to more obvious beams overshoot. In the éecudomain analysis, the natural
frequency of the cantilever beams would graduadly gduced, with an increase of
voltage. Hu et al [99] established an analysis rmémledynamic characteristics and
stability of electrostatic-driven devices, and fdurthat the stiffness of a
microstructure will be softened periodically depieigdon the frequency of applied
voltage.

The field of RF-MEMS switches modeling is much mommplicated as microwave
characteristics also needs to be extracted uneetrestatically actuated non-linear
mechanical motion and deformation. In order to dvemeshing during up and down
states Wang et al [100] proposes a hybrid methbi;iwuses the method of moments
(MOM) in conjunction with FEM-BEM for better resalt For ohmic RF-MES
devices, contact physics [68], [69] and non contet@d hermetic environments
[101], [102] also need to be considered.

2.7. Commercial software packages for RF-MEMS

modelling

Commercial FEM/BEM tools usually used for RF-MEMS&sin, divided in generic
multi-physics software packages such as Comsol][&408 ANSYS [104], which
perform a wide range of mechanical applications arade specialized on MEMS

applications such as Intellisense [105] and Cov¥Yitwe [80].
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Comsol and ANSYS perform static analysis of theuaitbn mechanism of MEMS
devices. They alssimulate dynamic behaviors, effects of routing paaters (voltage
and temperature) on electrostatic force, inheremilinear stiffness softening effect
device reliability, related failure modes and meukias, material selection, and
reasonable desigmAdditionally, they offer 3D Finite Element Model($EM) for
mechanical, electrical, electrostatic, dampingndrant and thermal analysis. The
accuracy of these packages depends on the knowledg¢éhe mechanical
characteristics of the materials used for the RAM@Ebeams and is highly dependent
on the deposition process and the operating tereraAdditionally, they can be
used in combination with Full Wave electromagnstioulators such as HFSS [106],
FEKO [107] in order to calculate the S-parametdrthe RF-MEMS switches when
they placed in a t-line structure.

Intellisense and CoventorWare software packaged &pan the multi-physics FEM
analysis they offer reduced-order analytical (ludipéement) models for small-signal
dynamic analysisThis allows investigation of the effective massomant frequency
and mechanical Q of the MEMS beams. They also delua full-wave

electromagnetic solver in order to analyze the R&racteristics of MEMS devices.

2.7.1. COMSOL Multi-physics®

The COMSOL Multi-physics simulation software enviroent facilitates all steps in
the modeling process — defining geometry, mestspgcifying physics, solving, and
then finally visualizing results.

Model set-up is quick, thanks to a number of priegef physics interfaces for
applications ranging from fluid flow and heat triarsto structural mechanics and
electromagnetic analyses. Material properties, @terms and boundary conditions
can all be arbitrary functions of the dependeniaides.

Predefined multi-physics-application templates satvany common problem types.
There is also the option of choosing different ptyysand defining the
interdependencies, or specifying partial differaingquations (PDEs) and link them
with other equations and physics.
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2.7.2. ANSYS Microsystems (MEMS) Industry

Multi-physics simulation from ANSYS provides higigélity engineering analysis
tools that enable the accurate simulation of compieupled-physics behavior.
ANSYS multi-physics solutions combine industry-leeyd solver technology for all
physics disciplines - structural mechanics, heatndfer, fluid flow and

electromagnetics - with an open and adaptive ANS¥8rkbench environment,
flexible coupled-physics simulation methods, andap@ scalability. Together these
cutting-edge technologies form the foundation famgprehensive multi-physics
simulation capable of facing the industry’s mosihptex engineering challenges.

2.7.3. Intellisense Software

IntelliSuite contains a wide range of closely intdgd tools to seamlessly go from
schematic capture and optimization to design \e&iion and tape out. A flexible

design flow allows MEMS designers to start theisige at schematic, layout or 3D
level. This feature allows the use of MEMS at aeseétic level, much like SPICE for
electrical circuits. The design can then be quidtdyated and optimized at different
granularities. Sophisticated synthesis algorithnas @utomatically convert the
schematic into mask layout, 3D or better yet a reégtructure for full multi-physics

analysis. Advanced Fast-field Multi-physics tooksature include fully coupled

electrostatic, mechanical, fluidic, and electrongtgnengines. Additionally, includes
advanced model order reduction based extractiohnigaes, electromechanical,

fluidic and damping behavior into compact models.

2.7.4. CoventorWare®

CoventorWare supplies the MEMS industry with MEMB8sig)n automation software.
Whether it’s for research on new devices, processrnology development, preparing
for prototype runs or full production, CoventorWaee a comprehensive suite of
software tools for MEMS design and product develepirallows simulation off the
physical coupled fields of MEMS devices. With Cotelvare, MEMS developers
can quickly and easily design new devices, adapigds to different requirements

and study the impact on yield.
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MEMS process technology is 3D in nature and is useateas outside of MEMS as
well such as 3D-ICs. The SEMulator3D product ermli#EMS designers and
process engineers to visualize the effects of deaigl process modifications in 3D
before fabricating the actual device. It providesapid return on investment by

running virtual prototype wafer runs and savingevaitarts.

In this Thesis CoventorWare software package isehdor the analysis, design and
evaluation of MEMS switches as it is considered ohghe most integrated and
reliable software packages for RF-MEMS modeling. I& of work including

publications and product evolution in this fieldveabeen extracted or have been
tested using this commercial software package [BH], [93]. Besides, the author
also had the opportunity to be educated in a mgirtourse about “Sensonor” and
“Tronics” MEMS processes organized by the “Europca and “Stimesi”

organizations using this software.

2.8. Summary

RF MEMS switches have been studied in this chaptarfing with a brief historical
review and some comparison between RF-MEMS switemek other types of RF
switches. The two main categories of RF-MEMS swilelsigns, the capacitive and
the ohmic with their subcategories have been dsstljg00. Moreover, the reliability
issues of ohmic RF-MEMS switches have been analgsethey will be extensively
examined and referred to throughout this thesisidgs, the design considerations
and the governing equations for the static and ulymanodeling of a cantilever type
ohmic in line series RF-MEMS switch have also bgwesented. Finally, the
numerical (CAD) modeling evolutions in the last tgrars, as well as, the existing

commercial modeling tools for RF-MEMS analysis, ééeen reviewed.
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3. Investigation of ohmic in-line series RF

MEMS switches: designs and simulations

3.1. Introduction

The motivation of this Thesis is the design of m@e and reliable switch for use
mainly in reconfigurable antennas. An all-metalliime-series ohmic switch was
chosen as it comprises the simplest configuratiod @& can directly replace the
existing RF-switches such as GaAs-FETs and PIN ediodAnother reason for
choosing this type of RF-MEMS switch among sevesHier types is that in
comparison with the rest of the configurations dtthe one which managed to
overcome all the reliability issues and to be comumaésed [108].

The design approach followed in this work was matolvards simplicity, reliability,
controllability and power handling of the RF-MEM&itch, while great effort has
been paid in analyzing all possible failure mechiansi. To validate all these features a
thorough comparison between other switch configomatof the same type such as
the simple “Uniform switch” and the well known NbrEastern University’'s “NEU”
switch [108], are performed. The investigation bftlee designs has been carried out
using Coventorware 2010 software package. ApentixiAcludes the steps involved

in the modeling process using Coventorware.

3.2. Analysis and design of an Ohmic RF-MEMS

switch with “Hammerhead” cantilever shape

The main disadvantage of the in-line-series switmmpared to the ohmic relay is the
controllability [63], [109]. In order to overcomhis drawback a novel switch design
with “Hammerhead” shaped cantilever and distribwgksttrode area as shown in Fig.
9 & 10, was developed [42].
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Displacement Mag.. 0.0E+00 2.2E-01 4 4E-01 6.7E-01 38E0

um 0.001 sec COVENTOR

Fig. 9. The “Hammerhead” ohmic RF MEMS switch

Displacement Mag.. 0.0E+00 2.2E-01 4 4E-01 6.7E-01 3.9E-01

um 0 COVENTOR

Fig. 10. The electrode area of the switch

The design process took into consideration seweratraints listed below:
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e Material choice;

e Contact area considerations;

e Power handling capability and linearity issues;

e Actuation voltage in a reasonable ranggs&/30V, Vs< 60V);
e Restoring force of the cantilever high enough toidstiction

e Switching at a reasonable spegd 20us;

Finally, the proposed switch has to present goodfopeance as concerns
electromagnetic characteristics in the frequenaygeaDC to 10GHz which can be
guantificated as follows:

e Very low insertion loss in the “ON” condition {5< 0.02dB)
e Very high isolation in the “OFF” condition {&< -20dB)

3.2.1. Material choice

To fulfil the criterion of simplicity and robustngsthe proposed switch is an all-metal
in-line-series type. The lack of dielectric chagimakes all-metal RF-MEMS
switches ideal candidates for space-based applisgtivhere the impact of radiation
on the switch would normally a concern relatedei@bility [110].

The design is using only one material, gold (Awy), the whole structure. Gold has

been chosen due to its exceptional electrical, srx@chl and chemical characteristics

as well as for low ultra-loss consideration andedaw/-cost of fabrication compared
to the highly precise control of dopants [111]. Elgorecisely gold is the most
appropriate material for the following reasons:

I. Low resistance. The high conductivity of Au impliegry low contact
resistance and less skin depth, an important paearfar lossless RF signal
transmission via the cantilever.

il Easy deformation. The Au Young modulus is aroundGEBa [80].
Consequently, the stiffness of a cantilever madéwiwill be low enough,
fulfilling the requirement for low actuation voltag

iii. Low propensity to form alien surface films. Eventime case of hermetic
packaging it is inevitable to face contaminaticsuess in the long term. Au is a
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noble metal and chemically one of the most staldéenals since it does not
form oxides or sulfides, offering greater longevily addition to that, it has
been shown that switches with Au-Au ohmic contaamn ceach up to £0

cycles of lifetime [112].

iv. Monolithic microwave integrated circuit (MMIC) corapbility. Au is widely
used in micro-fabrication as it is easily depositgdsputtering, evaporation,
or electroplating fabrication processes, it hashhgelting point while it is
corrosion resistant [113].

As Au is the only material of the structure, no lpems could be created due to

technology mismatches in between dissimilar mdte(rasidual stress, thermocouple

phenomena, adhesion problems etc) [114]. The nrablgm with MEMS switches
with Au electric contacts is their propensity fagih adhesion due to gold’s relatively
low hardness (1-2 GPa), which may lead to failfirestoring forces are not large

enough to break the contact [115].

3.2.2.Contact area considerations

The size of the contact area, the conductivityhef Au, the gap between the contacts,
the contact force as well as, fabrication procsssas such as the deposition method,
the roughness and surface contamination, are psesnthat must be taken into
consideration in order to maintain high isolatiand low insertion loss in the
operating frequency range [116]. Additionally, agd@n conditions such as, current,
environmental conditions (type of gas, temperatpressure) and switching history
have to considered, too [54].

To achieve all these targets a relatively largetaxinarea has been chosen, which
consists of two contact areas of 1pA8 each. These two parallel conductors are
separated by a gap ofird and create a capacitance of 13.29fF in the O&te-sff the
switch, which, results to an isolation of -28dBoiGHz.

Large nominal contact areas do not directly lower contact resistance if the contact
force is not increased. Thus, an increased actuatidtage (about twice the pull-
down voltage) is applied in order to achieve S-shdgformation of the cantilever and
contact forces in the order of 100. Under these conditions two very small
resistances in parallel are created with a totdlevaf 0.1%2 which, results in an
insertion loss of about 0.015dB in 5GHz.
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3.2.3.Power handling capability and linearity issug

Another factor that has to be considered in ordemvestigate the ability of the
switch for low resistance, power handling and glehrity is the actual contact area.
This area in an ohmic RF-MEMS switch under elet¢atos actuation (maximum a
few hundreds ofiN), due to the existence of asperities, can reachn(@nder high
power conditions) only the 5-7% of the nominal @mtarea [117]. Thus, a choice of
a bigger contact area provide a better heat digiob from the effective contact
spots, which heated by the dissipated power ofstgeal current flowing over the
contact interface [118]. Avoiding local overheatirgyone of the main factors to
increase reliability for switching larger currefgl] [111].

The overheating of the contact areas, also resaltaon-linear intermodulation
products. Intermodulation distortion occurs as aulte of the variation of the
resistance of switch contacts with temperature. Emeperature and resistance are
modulated at the difference frequency under twetartermodulation conditions.
The switch resistance then modulates the signalseadiifference frequency, leading
to upper and lower sideband signals [119].

Additionally, the softening of the asperities whiblas been observed under high
power implementation on big contact surfaces, mirenadhesion and doesn’t allow
stiction phenomena [67].

In general, better heat dissipation of larger e¢ffeccontact areas is the critical design
criterion to maintain low contact resistance, hggwer handling capability, better

linearity and a minimum of surface adhesion wear.

3.2.4. Restoring force, Actuation voltage and reliaility

issues

The requirement for low contact resistance necdssitthe use of relatively soft
contact metals (Au) and/or high contact force, Wwhitakes the contacts stick together
and fail. On the other hand, reliable operationunes stiff switch elements capable in
providing enough return force to overcome stictidigh return force in turn requires
a high operating voltage in order to generate ehalgsing force so as to overcome

this stiffness and finally achieve an efficient tamt. The correlation between material
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properties, design parameters and key failure nmesims requires sophisticated
switch design in order to meet the specifications.

Although low stiffness is essential in obtainingvleoltage switches, preventing from
down-state stiction is equally important. A low-tage switch experiences a
relatively weak restoring force in the down statbjch may not be sufficiently high
to pull the switch up, particularly in humid or caminated environments.

Switching operation requires not only stable conbat also reliable opening of the
closed contacts. When the cantilever touches tgeakiline, the metal-to-metal
contact surfaces may stick in the form of strongesibn. This undesirable interfacial
adhesion is referred to as stiction. Consequettéyswitch is electrically shorted, and
it may take a considerable amount of force to s#pahe cantilever from the signal
line. Due to the difficultly in controlling all resans responsible for stiction, the switch
is designed by increasing the restoring force. $iwéch shorting problem can be
solved if the restoring force is sufficient to os@me stiction. This solution should be
effective no matter what the actual cause of sticts [120].

The stiffness of the cantilever is determined by wWidth, the thickness, the Young
Modulus of the Au, the existence of perforatione tipap between cantilever and
electrode and affects significantly the magnitufi¢he pull-in voltage, the restoring
force and the resonance frequency of the cantilevieich in turns, affects the speed
of the switch.

Another factor that affects dramatically the firsdlffness of the cantilever is its
deformation, arc or S [69]. When a cantilever, rafite first touch in the contact area
(arc-shape deformation) is forced to bend moreyder to be deformed in S-shape, it
acts like a fixed-fixed beam and presents a sprorgstant about 16 times higher than
before [46].

Thus, a much higher actuation voltage>¥ V), has to be applied for this purpose.
Taking into account all the above, the shapes efctmtilever and electrode area are
not uniform in order to apply distributed actuatimnce all around the “head” of the
switch, resulting in better switching control arldw” initial pull-in voltage (V). As
the cantilever bends in S-shape deformation atiter part, the stiffness of the
switch is getting increased significantly and thelf actuation voltage (¥ becomes
twice the ;. Thus, much greater electrostatic forgesFapplied, as it is proportional
to the square of the final actuation voltage®(VTherefore enough restoring force is

produced capable of eliminating any stiction praide

56



In the proposed design, holes have been appligtetastructure of the cantilever,
which contribute in the removal of the sacrificiayer and the release of the
cantilever. Nevertheless, it also reduces theaingtiffness of the cantilever as well as
the gas damping coefficient.

The reliability of the presented switch is enhanbgdhe specific shape of cantilever,
the big distributed electrode area which is abowirbwider than the cantilever in
order to take advantage of the fringing fields,saswn in Fig.11 and its S-shape
deformation. All these result in better controlldlj relatively low final actuation
voltage (M=60V), large restoring force [121], and, finally,satisfactory switching
speed of around 1%5.

Fig. 11. Fringing fields action of the wider electe area

The bending process can be divided into 4 diffestages including the failure stage,
shown in Fig.12. The reaction forcea BV, is applied) at the end of stage 1 is
considered to be the spring force of the beamHerfirst ohmic contact and for the
Arc—shape deformation of the cantilever (Fig. 12a).

The reaction force F(Vsmin) is applied) obtained at the end of stage 2 isfdihee
needed to bend the beam for a full ohmic contadtfanthe S—shape deformation of
the cantilever (Fig. 12b).

The reaction force #(Vsmax) is applied) at the end of the third stage indigates
point of full contact up to the maximum actuatiaritage The larger theAF = F-F;

is, the larger the contact force with a full ohroantact is and the larger the immunity
to switch parameters uncertainty will be (Fig. 12€jiction between the contacts
caused by cantilever bending may also help to nmechlly wipe contaminant films
in the contact area [69]. As a result the switabspnts both low resistance and high

restoring force.
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The fourth stage is the buckling stage, &/Vsmax). This is the failure stage where
full contact no longer exists, the reaction fornereases sharply and becomes non-
linear (Fig.12d).

(b)

(€)

LT

(d)
Fig. 12. The different stages of the bending preces
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3.2.5. Actuating the switch

A DC sweep can be used to investigate the pull-dewitage when contact is
achieved. Initially, the contact force is very l@md rises as the pull-down voltage
increases; additionally, the conductance whiclws at the beginning, takes its higher
value in the full contact state. Nevertheless, unt@mninal switching conditions,
when contact is achieved, the contact force is ‘egh due to the high impact
velocity of the collapsed cantilever. Instantlye ttonductance becomes very high but
unstable, due to the bouncing of the cantilevercttiollows after the first contact.
Consequently, additional time is necessary forablstcontact force and thereof a
stable conductance to be achieved. This bouncihgver due to the elastic energy
stored in the deformed contact materials and inattteator increases the effective
closing time of the switch [122].

Meanwhile, the contact may get damaged by the larmgact force which can be
much greater than the high static contact forcelegdor low contact resistance. This
instantaneous high impact force may induce loceddvang or pitting of materials at
the contact. Besides, bounces facilitate matenaaisfer or contact welding, which are
not desirable for a high-reliability switch. Alléhabove increase the adhesive force
which resists contact separation and is a funafahe maximum contact force. Thus
the impact force increases the force required parsgée the contact by a large factor.
This is usually observed in gold-contact switches stick immediately or after a few
cycles of operation with square wave actuation, dypgrate for extended periods

when actuated with slower waveforms [123] [119]

3.3. Simulations results

The simulation results have been extracted under fthlowing environmental
conditions: Temperature: 293 (20°C), Pressure: 730mTorr (1Atm) and Gas type:
Nitrogen.

In order to improve contact convergence, a sofggenparameter as regards to
asperities namedcontact softening” with a value of 50nm is addedContact
softening” acts as an exponential delay function that smasthke pressure force
applied at the moment of contact. The improvemertointact convergence comes at

the cost of an artificially deep penetration of thve contact surfaces.
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Contact stiction can be added to the Architectacintnodels by setting the parameter
“adhesion force per area”’to a value of 100Pa. The adhesion force is app&ed
pressure load whenever the gap between the twaaoptanes is less than the
“adhesion distance” which has a value of 50nm. In order to avoid disicnties
during the contact simulation, the change of theeatn pressure load is softened by
a sinusoidal transition function. The sinusoidaidiion ensures a gradual rise or fall
of the adhesion pressure whenever the contact gepsgnaller or bigger than the
“adhesion distance” The period of the sinusoidal transition functisndefined as
“adhesion softening’with a value of 10nm.

A detailed drawing of the “Hammerhead” switch intap view and b) side view is

illustrated in Figure 13.
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Fig. 13 Dimensions of the “Hammerhead” RF-MEMStstvi
A meshed 3D view of the new design, produced inDesigner module, with the
switch in the OFF state is shown in Fig.14. Fausiltation purposes the z-axes has

been magnified ten times.
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Fig. 14. The meshed 3D ohmic RF MEMS switch

3.3.1.DC transfer analysis

A DC transfer analysis via Architect module hasrbearried out by applying a ramp
voltage to investigate: actuation voltage, contaate, conductance, contact area and
capacitance.

The pull-in voltage YV, the arc contact Voltagea¥, the full contact voltage yand
the maximum allowable voltagespax, as well as the evolution of the contact force in
both edges of the contact area are shown in Fig.Thg results indicate pull-in
voltage \,i=25.2V (when the cantilever has drive the 1/3 efdistance to electrode),
a first contact at Y= Vpq = 27V, full contact at Y= 58V, full contact just before the
buckling stage (the cantilever collapses to thetadde) at {ma=69V. Therefore,
the active area of the switchVs =Vgmay-Vs = 11V is large enough providing
immunity to high RF signals affect. Another sigo#nt factor that has to be
considered is the ratiog¥ 4, Which varies between 2.15 and 2.55 and denotgs hi
enough electrostatic forces capable to offer goodtact conditions and enough
restoring force. An ideal figure for the applieduation Voltage would be 63.5V
where the contact force is uniformly distributedalhcontact area and is aboutu®9
(this is shown in Fig. 15 when both edges of thetitaver's contact area tz1, tz2,
have the same contact force 49.534N)
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100u
80u fz2
u-
(63.5, 49.534u)
_. 60u-
£ 400 tz1
20u -
0.0
{m) : Actuation(V)
0.0+ dz2
(63.5, -2.0073u) PR —
T -lu- (25.234, -1u) (69.0,-2.0068U) | 4,4
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(27.0, -2.0506L)
-2U - !
[ I I I I I I |
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
Actuation(V)

Fig. 15. Evolution of pull-down voltage and corttbarce of Hammerhead switch

Fig. 16 illustrates the main characteristics ofsthatch obtained via simulation under
DC transfer analysis, which are:

The OFF state capacitance, created between thaatcmtea and the cantilever, is
around 6.15fF for each contact. Thus, the capamtarf the whole switch which is
responsible for the Isolation feature, is aroue @2.3fF since both capacitors are in
parallel.

Full contact is recognised considering the dimamsiof the touch 50m x 3Qum =
1.5nnf, at 58V. The conductance for one contact aredatfull contact point is
3.1712 S and the equivalent resistance is @3Mhich means that the contact
resistance of the complete switch is about halfzR.15%), since the two resistances
are in parallel.

At the first touch, when the cantilever is stilceshaped the contact force igak)=
242N (Vae = 27V).The contact force (Fapplied under full contact conditions
(Vsminy= 58V) when the cantilever is S-shaped is arouqghfy= 71uN. When the
contact force is equal at all the contact area=(§3.5V) the contact force is aroungd F
= 99uN. Finally the maximum contact force beforeldmg is Fsmay= 130.87uN
(Vsmax= 69V).
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Fig. 16. DC analysis results of the Hammerheadicéwi

Some of the results can also be estimated throalghlations.
The electrostatic forcecfrc) applied for arc-shape deformation of the cantilever

calculated as:

2
eO'A'V;zrc

= 32.34uN
29%:c

Fe(arc) =

where: g = 2um the remaining gap between cantilever and the Imiadd the
electrode,

Varc= 27V, the actuation voltage for the first touckc(ahape).

The minimum electrostatic forcesdin), applied for full contact under S-shape

deformation of the cantilever.

€o ‘A Vszmin — 332uN
2g¢ :

Fe (smin) =
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0s= 1.34um the remaining gap between cantilever and the Imiolidthe electrode,

V=58V, the minimum actuation voltage for full cocitéS-shape).

The maximum allowable electrostatic forcegqky), which can be applied for full

contact under S-shape deformation of the cantilesealculated as.

2
€o - A Vsmax

Zg ?min

= 585uN

F, (smax) =

Osmin= 1.2um the remaining gap between cantilever and the Iaiolidelectrode,
Vsmax= 69V, the maximum allowable actuation voltage.

The mechanical spring constant k of the cantilévealculated as:

3 1-7
k =2Ew, (—) . 7= 27.34N/m

where: E=57GPa, the Young modulus of Au that islusethe Coventor,
wj = 15Qum, the width of the first part of the cantilever,

t = 6um, the thickness of the cantilever

| = 33Qum, the length of the cantilever

X = 7Qum, the distance from the anchor to electrode

The restoring force of the cantilever under argesh@eformation fr) is calculated

as.
Fr(arc) = k(go - garc) = 27.34uN

A rough estimation of the contact force under agfodnation condition is given by
(9) and is in good agreement with simulations itssul

Feare) = (Fe(arc) - Fr(arc)) - Wi% = (32.34puN — 27.34uN) - W% = 5uN - W%
= 2uN — 3uN
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The pull-down voltage (when the cantilever has ceddhe ¢/3) of the cantilever is

calculated as:

gy = 8.86 x 10712 F/m, the permittivity of free space,

0o = 3um, the gap between cantilever and electrode,

8kg3
v, = 9o
27e,A

where: A = 4x18 m?, the area of the electrode,

= 24.84V

k = 27.34N/m the calculated spring constant ofciuetilever

3.3.2.Squeeze Gas damping

To fulfill the criterion for reliable simulationsnitime domain, the squeeze gas

damping effect under the settled environmental atpeg conditions has to been taken

into account. For this purpose Rayleigh dampingupaters have been extracted to be

used in Architect transient analysis.

Using the Analyzer module of Coventorware, and mgrthe MemMech-Modal

Analysis the resonance frequency and the genedafiwess for each mode is extracted

as shown in Table 2.

Table 2. & 2" mode of resonance frequencies and generalizecemass

Modes Frequency Generalized mass
1 1.21731E04 1.372445E-09
2 4.774515E04 5.477391E-10

The critical damping coefficient& can be determined from the above;

wq = 27Tf1 == 764’47 Tad,

w, = 2nf, = 299839.5 rad,

Cerit1 = 2myw, = 209.838 x 107 Ns/m

Ceritz = 2Myw, = 328.467 X 107% Ns/m
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The terms gs1and Ges2for the two first resonance modes can then be méated by
running the DampingMM-Mode Shape Analysis. Fig hows the evolution of the
damping force coefficient in time domain, whefg &= 27.14812 x 18 Ns/m for f =
12.173KHz and gs= 27.14755 x 18 Ns/m for = 47.745KHz.

8E-06

6E-06 —+F—— Damping Force Coefficient

4E-06 |-

Damping Coefficient (N/(m/s))

2E-06 |-

O -

2E+07 4E+07
Frequency (Hz)

Fig. 17. Damping Force Coefficient

The damping factor ratio fog &ind §are:

Cres1 _ 27.14812x10 — 6 Ns/m

- =0.1293
Coriea | 209.838-10-6Nm/s

¢ =

_ Cresz _ 27.14755x10 — 6 Ns/m 0.082
= Ceritz 328467 -10"Nm/s

From the above results the Rayleigh damping paremsare calculated as:
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(G1wz — {awq)

(w7 — w])

(Qrwy — $1wq)

=351-107°
(w7 — w?) *

p=2

From the damping coefficierdt of the first resonance mode, the Gas Quality facto

(Qaas) which is the dominant factor over the total vatdi€), can be computed as:

1 1
=—— =——_ =3865
¢ 20,  2-0.1293

500

400

—+H+—— Damping Force (N/m)
—F+—— Spring Force (N/m)
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Damping Force (N/m), Spring Force (N/m)
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2E+07 AEHD7
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Fig. 18. Damping Force & Spring Force evolutiorirequency domain

A general behavior of the switch under squeezedigaging in frequency domain is
shown in Fig. 18. As expected it is shown that@tdr frequencies the viscous
damping force is dominant. At higher oscillatioree ttrapped layer of fluid acts
increasingly like a pure spring. The cut-off fregag, £=10.8MHz, is defined as the
frequency at which the spring force equals the daghforce $=Dg=254N/m and
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represents the frequency above which the air ueadénnthe moving beam can no
longer respond fast enough to the movement of danband starts behaving like a
spring [124].

A summary of the design parameters of the “Hamnagthswitch is presented in
Table 3.

Table 3: Design parameters of the “Hammerhead céwit

Parameter Value Parameter Value

Length (movable) | 330um Contact force 2.42uN (Var)

Width 150um Conductance 0.58S (V)
210um 3.17S (Mmin)
4.29S (max)
Height from electrog 3um Pull-in(Vpi) 25.234
First contact (o) 27V

Full contact (M(min) 58V
Full contact (\(max) 69V

Height from contact{ 2um Capacitance (OFF) 12.3fF

6.15fF/per contact areg

Cantilever Type Gold Rayleigh gas damping | a=16547/s
parameters =0.35lus

Cantilever thickness 6um Qacas 3.865

Holes to cantilever | Yes Contact Area 2x1.5nnf

3.3.3.Transient analysis

A transient analysis is performed first under spepse implementation with 60V
amplitude, width p= 148us, rise timet= 2us and fall timest= 2us.

The amplitude of 60V is chosen so as to ensure doifitact (60V > 58V). This

amplitude ensures immunity to switch parametergdamty due to the tolerances in
the fabrication process, while simultaneously wdo than the maximum allowable

voltage (60V < 69V) ensuring enough room for RFhalg Besides the rise and fall
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times have a reasonable value that can be rehatbaay to be generated by fast step-
up converters (slew rate = 3QM\).

The switching time obtained was aroundid Jor the OFF-ON transition and roughly

12us for the ON-OFF transition, as shown in Fig. 18isTfigure shows the fastest

ON-OFF switching time that can be achieved. Besittes same figure illustrates the

bouncing problems during the pull-down and releplsases. Concentrating on the

release phase, the step pulse actuation creathsbbigncing phenomena with the

maximum displacement value to reach the Bnd@reating exceptionable results.

(V) :(s)
6001  3.75uq (181 82u, 35917u) | Steppulse
(2u, 60.0) (150, 60.0) -
2.5u4
40.0 (m) : (s)
. . 1.25u+ (162.73u, 31.369p) Displacement
2 £ -
20.0 1 0.04[~ (15.33u, -2.0048u)
-1.25u
0.0
\ I [ I I I
0.0 50u 100u 150U 200u 250u
(s)

Fig. 19. Displacement under step pulse implemmtat

The switching time during the OFF-ON transition @so be calculated as:

ts = 3.67 s =20
s . I/Swo_ I'l's

Fig. 20 illustrates the rest of the switch’s ché&dstics under step pulse
implementation; that is the contact area (1.3nntonductance (3.38S which
corresponds to a resistance of @29%nd contact force (8N). Some control

difficulties are also illustrated as concerns thaidlly high contact force (around
350uN) due to the high impact velocity (around 31cmyse&bich introduces high

settling time, too, during the pull-downstage (ard®5.sec).
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Fig. 20. Characteristics of the switch under gtelse implementation

3.3.4.Current and power consumption

In RF MEMS it is often supposed that there is nment/power consumption as there
isn't any ohmic contact between the cantilever tredelectrode. Nevertheless, this
quick movement of the cantilever during the pullwtdphase and release phase
changes rapidly the capacitance and creates adnarEhenomenon. Thus for this

small time periods there is an instantaneous cureguest which can rise up taA,

as illustrated in Fig.21. The affect of dampingstsice B= 17MQ on the actuation

step pulse source (Voltage, current and powerss shown in Fig. 21.
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Fig. 21. Current and power consumption

3.3.5.Control under tailored pulse
High impact force and bouncing phenomena shownign 22, can be elliminated by
applying a tailored actuation pulse [131]. Undesstn conditions the switching time is
now increased to around 18%ec for the ON-OFF transitionu8 slower compared
to the step-pulse implementation. The switchingetifor the OFF-ON transition has
also been increased by g2reaching 148 but the maximum variation of the
cantilever over the null position during the satlitime is reduced from 3 to
0.37um.
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Fig. 22. Switch’s behavior under tailored actuatlse

Fig. 23 illustrates the rest of the characterisb€ghe switch under tailored pulse
implementation where an obvious optimization isevbed. The impact velocity is
reduced from 31 to 5.1cm/sec resulting degradatiotihe initial impact force from

349 to 174N, the maximum conductance is reduced to 4.9Sadsdé 7S and the full

contact (1.5nm) is obtained at about 45 instead of 5% under step pulse.
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£ 500p-
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Fig. 23. Switch’s characteristics under tailoretlation pulse

The conductance for each contact is 3.388S antckthdted resistance 0.295Since
the two contact resistances are in parallel thal t@sistance will be R= 0.1412

which is given by:
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Ry, = R, + Ry = 0.147 + 0.01102 = 0.1580

A detailed study on using a tailored pulse forghbancement of the pulse behavior is

provided in Chapter 4.

3.3.6.Small signal frequensy analysis

Finally, the investigation on mechanical resonafrequency of the cantilever has
been carried out via small-signal frequency analy§Coventorware-Architect
module) is = 12328Hz as shown in Fig. 24.
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Fig. 24. The resonance frequency of the cantilever

The mechanical resonance frequency can also bela@®@d as [46] :

k
=— |—=12015Hz
2T m

Fo
where: k = 27.2N/m, the calculated spring constant
m=volume x dencity(Au) = 247.8xT¥8 m* x 19280Kg/ni = 4.777x10, the mass of
the cantilever. The volume of the holes 70.8 X°hf has been substracted from the
total volume of the cantilever (318.6 x fin°)
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3.3.7.Hot cycling mode of operation

The analysis on hot cycling mode of operation sspnted in this section. Initially,

the self actuating phenomenon is examined and #wmaults of the switch’'s

displacement when 1V, 10V and 20V RF signals apiegh are illustrated in Fig.25.

The effective voltage Vjc_.rr = \/E-Vp is 1.41V, 14.1 and 28.2V and the
displacement of the cantilever is 518.87pm, 53.2anch191nm respectively.

(m) :(s)
004 Vac_eff 28.2V
E -200n
-400n -
(m) :(s)
0.0 Vac_eff_14.1V
= —50n\/\/\/\/\/\/\/\N\/\_/\/\
-100n -
(m) :(s)
0.0
Vac_eff_1.41V
€ \/\/\/\/V\/\/\/\/\/\/\/\ -
- -1n 4

0.0 100u 200u 300u 400u 500u 600u 700u 800u 900u
i(s)

Fig. 25. Cantilever’s displacement under the iexfice of RF signal only

Fig. 26 shows the behavior of the cantilever urrcycling mode which means that
RF signal exists during the ON-OFF operation of #weitch. RF signals with
amplitude of 1V, 7V 14V and 20V are applied respety. It is obvious that the
bouncing of the cantilever increases dependinghenRF signal amplitude. For RF
signal higher than 20V the cantilever collapses, egected, because the

corresponding Wc = 28.2V, is close to the M.= 27V voltage of the switch.
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(m) :t(s)

1.5u
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— -500n -
-Tu Tailored pulse+1V RF
-1.5u4
oy 1
I I I I I I
0.0 50u 100u 150u 200u 250u

1(s)

Fig. 26. Displacement under the influence of vasi®F signals

In Fig. 27 the effect of the various RF signalghe switching speed of the switch

during the pull-down phase is shown.

(m) : H(s)
0.0~ Tailored pulse+20V RF
-500n - Tailored pulse+14V RF
£ -1u+ Tailored pulse+7V RF
-1.5u- Tailored pulse+1V RF
(15.144u, -2u)
-2u 4
I I I I
0.0 10u 20u 30u
t(s)

Fig. 27. Details of the pull-down phase underatéht RF signals

Fig. 28 shows the applied tailored actuation puise,displacement of the cantilever
and the RF output of the switch when an RF signigth wmplitude of 1V and a
frequency of 2GHz is applied, in time correlatittrhas to be mentioned that there is
inertia to the switching operation due to the stadiquilibrium between the
electrostatic force and the mechanical force thas b be reached before the
cantilever starts to move. The switch is now svaettl©ON 3um before the start of the
main actuation pulse (2in instead of 2dm) and is switched OFFR.6 after the end
of the main actuation pulse (@® instead of 50m).
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Fig. 28. Behavior of the switch under hot modepération

A more detailed view of the output RF signal iswhan Fig. 29. When the switch is
in the OFF state, the capacitance (12.3Ff) creimte¢de contact areas is responsible
for the existence of an RF signal of about 0.78%hefinitial value. When the switch
is in the ON state, the contact resistance @X&id the resistance of the cantilever
0.011Q, result to a loss of about 0.57% of the outputsikjaal.

The influence of the capacitor created betweenctrgilever and the contact area
during OFF-ON and ON-OFF transitions is negligifheax. value 10% of the total
amplitude). Another small disturbance is observeti@edges of the output RF signal
before the final settling, which last for about s4with value the 88% of the total
amplitude.
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(V) : 1(s)

1.0+ RF-Vout
(54.706u, 0.88523)
(56.265u, 0.082253)
S oo \
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Fig. 29. Details of the RF output signal

Fig. 30 presents the results of the FFT analysibrae discrete periods of time of the
output when an input signal with amplitude of 1\drequency of 2GHz is applied.

The sampling rate is defined by the expression:

Sp=—poins . _102%_ _ 5 19GH, (44)

tstart—tstop 1us—1.2us

where:
Npoints = specifies the number of data pointiseavritten to the output waveform,
tstart = the beginning of the time segment to be analyzed

tstop = the ending of the time segment to be analyzed

For the time period 2 to 212ec the switch is in the OFF state and the S/ iiati
91.6dB. For the time period 20.7 to 2@s8c, during the transition time of the switch,
the S/N ratio deteriorates to 59.4dB. For the tpedod 40 to 40.2sec the switch is
in the stable ON state and the S/N ratio altergnatga84.5dB.
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Fig. 30. FFT analysis under hot mode of operation

3.3.7.1. Cold cycling mode of operation

This section presents the simulation results of‘Hemmerhead” switch under cold

cycling mode of operation. In this case, the cdlability of the switch is not getting

affected by the RF signal that is passing through switch as well as the power

handling limitations are set exclusively by the medtry of the contact area and the

cantilever.

V)

(m)

(V) :1(s)
RF-vout

1.0+

0.0+

(m) : t(s)

004 Displacement
v \
-2U -

(V) : t(s)

60.0
40.0
20.0

0.04¢

Tailored pulce

0.0 20u 40u 60u 80u 100u
t(s)

Fig. 31. Behavior of the switch under cold modepération
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Fig. 31 shows the tailored pulse, the displaceréttie cantilever and the RF output
signal, when an RF signal with amplitude 1V andj@iency 2GHz is applied after the
switch closes while it is removed before the swibgens. Comparing the switching
operation to that of Fig.31, it is clear that colde of operation has more discrete
ON and OFF states and this difference will beconseenobvious as the frequency of
the RF input signal increases. Nevertheless, agplits such as the reconfigurable

antennas will not work properly under cold cyclmgde.

3.3.8.Electromagnetic analysis

A full electromagnetic wave analysis has been edraut to further investigate the S-
parameters of the switch using two-port analysisfthe small signal analysis menu
of the Architect module. The impedanggar input and output was set@0

Fig. 32 presents the Return loss and the Isolafiaphs in the frequency range DC to
20 GHz, when the switch is in the OFF state. Thsailte of the simulation are very

promising as the Isolation and Return loss figuege -28dB and -0.0065dB,

respectively, at 5 GHz.

(dB-) : {(Hz)
S21(isolation)

-20.0

(dB-)

-40.0 | (15g, -18.709)

(59, -28.197)

-60.0

(dB-) : (Hz)
0.0+

S11(return loss)

-50.0m - (59, -0.0065895)

(dB-)

014 (15g, -0.058881)
I I I I I
0.0 59 10g 159 20g
f(Hz)

Fig. 32. Isolation and Return loss of the “Hamneaudi’ switch in the OFF state

In the Smith chart of Fig.33 the variation of tlemplex values of Isolation (S21) and
Return loss (S11) can be observed for the frequeamaye 0-100GHz when the switch
is in the OFF state. These variations are duedadhatively high value of the total

capacitance (around 12.3fF), created in the coaiaet.
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Return Loss(S11) 0-100 GHz

Isolation (S21) 0-100 GHz

Fig. 33. Smith chart for S11 and S21 with the slwvih the OFF state

The behavior of the switch is investigated alsohwtihe switch in the ON state
presenting very significant results as regards dtuf loss (-28.97dB) and Insertion
loss (-0.019dB) at 5GHz. The results of the simaoiatn the frequency range DC to
20GHz are illustrated in Fig. 34.

(dB-) : f(Hz)
0.0 . .
821 (insertion loss)
¢ -50.0m- (59, -0.019293)
T
-0.1 1 {159, -0.063025)
(dB-) : f(Hz)
-20.0+ S11 (return loss)
o (159, -19.479)
T 40.04 (5g, -28.971)
-60.0-
[ I I I |
0.0 59 10g 15g 20g
f(Hz)

Fig. 34. Insertion and Return loss of the “Hammeadi switch in the ON state
In Fig. 35 a Smith chart graph presents the vamawf the complex values of

Insertion and Return Loss for the frequency ran@et®00GHZ which, in this case

are due to the self-inductance of the switch.
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Return Loss (S11) 0-100GHz

Insertion Loss (S21) 0-100GHz)

Fig. 35. Smith chart for S11 and S21 with the slwih the ON state

The resistance of the cantilever can be calculasaty (35):

ly- -
1P+2.0
Wl't Wz't

= = 0.010

The self-inductance at low frequency for a strarmgictangular bar is given by (36). In
the case of a non uniform cantilever, like the “Hia@nhead” the inductance of two

coils with different lengths and widths in seriesonsidered.

2l
w;+t

wy+t
3l

1
L5=2-1O‘7-l1-[ln +§+ ]+2-10‘7-l2

[l 2Ly +1+W2+t]—1327 H + 17.7pH = 150 4pH
"W+t 2 3 | P P = IO0AP

where:p = 2.44108 (-m, the resistivity of the gold,

[ = 32Qum, the length of the first part of the cantilevergthe length of the anchor,
[, = 60um, the length of the second part of the cantilever,

w; = 15Qum, the width of the first part of the cantilever,

w, = 21Qum, the width of the second part of the cantilever,

t=6um, the thickness of the cantilever.
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Fig. 37. The inductance of the cantilever withgfrency
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The resistance and the inductance of the cantilegewell as their evolution in
frequency domain are extracted also using Finitemieht Analysis through the
Analyzer module of Coventorware as illustrated ig. B6 & 37. The simulated
values are in good agreement with calculated vatudee low frequency area.

The increase of the resistance and the decreabe @iductance with the increase of
the frequency are mainly due to the skin effect.ewhhe frequency increase, the
current density is not uniform over the conductarss section as in the case of DC
currents, but rather tends to be concentrated ttearsurface with the depth of
penetration to be depended from both the frequandythe material used (12). In the
case of a flat strip structure like the cantiletts® current density is greatest at the
edges, considerable at the flat surfaces and &dke center as shown in Fig. 38 for
the frequency of 1GHz.

urrent Density|: 0.0E+00 54E+08 1.1E+10 1.BE+10 21E+1D

COVENTOR

Fig. 38. The current density in the surface ofdastilever for f=1GHz

The capacitance formed in each contact area wherswhtch is in OFF-state is

calculated as:
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eOAc

C. = P

= 6.645fF

where: A=1500nn, the area of one contact,
g, = 8.86 x 10712 F/m, the permittivity of free space,

d=2um, the distance between cantilever and contacts.

And the total capacitance of the entire switclCis; = 2 - C, = 13.28fF

Finally the evolution of the S-parameters:($1) has been investigated during the
transition from the OFF to the ON state, under at@sfer analysis. The frequency

of the RF input signal was 5GHz and the amplitude Tlhe results are shown in Fig.

39. It can be observed that the final transitidkesaplace between 25-30V. Therefore,
this is the voltage actuation range that has tavmded in order to ensure reliable

operation of the switch.

0.0
~ -10.01 .
@ (25.0,-24.852) (30.0, -0.06427) (63.0,-0.019291)
~ 2004 (0.0,-28.183)
-30.0
0.0
—~ 100 (0.0,-0.0066063)
[an]
Z 00 (25.019,-0.12435) \  (30.0, -28.881) (63.0, -28 97)
-30.0
[ I I \ I I I
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Actuation

(dB-) : Actuation
821 (5GHz)

(dB-) : Actuation
S11 (5GHz)

Fig. 39. Evolution of the S-parameters in 5GHzyOFF-ON transition

A summary of the simulated parameters of the “Harheed” in line series ohmic

RF-MEMS switch is presented in Table 4.
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Table 4. Performance results of the switch undiré&a pulse actuation

Parameter Value Parameter Value

Pulse amplitude | 60V Isolation (OFF) -28.2dB
(S21_5GHz)

RF signal (max) | 20V Return loss (OFF) | -0.006 dB
(S11_5GHz)

Contact force 81.5uN Insertion loss (ON) -0.019 dB
(S21_5GHz)

Conductance 3.38S Return loss (ON) | -28.9 dB
(S11_5GHz)

Switching time | 18.5us (OFF-ON) SNR 91.6dB_OFF

15us (ON-OFF) 59.4dB_Trantition
84.5dB_ON

Table 5 shows that the calculations of the mairrasttaristics of the switch are in

good agreement with the corresponding figures frimensimulation of the switch.

Table 5. Comparison between simulations and cdlouka

Architect module Analytical
simulations Calculations
Cc 6.15fF 6.64fF
Rs 0.0142 (Analyzer) 0.01Q
Ls 161pH (Analyzer) 150pH
Vp 25.234V 24.84V
Feare) 2.43IN 2-3uN
Ken 26.5N/m (Analyzer) 27.2N/m
ts 15.3s 20us
fe 11.860KHz 12.015KHz
12.173KHz (Analyzer)
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3.4. Analysis and design of an Ohmic RF-MEMS

switch with “Uniform” cantilever shape

The first efforts on the design of an all metallime ohmic RF-MEMS switch
accomplished, based on the well-known on literasiracture of Fig. 4c [49]. For
comparison reasons a “Uniform” switch with abowd #ame features compared to the
“‘Hammerhead” switch as regards length, width, theds, perforation, height from
the electrode, electrode area, protrude and distbattveen contacts is modelled and
presented in Fig. 40. The differences between themmmainly the shape of the end of

the cantilever, the dimensions of the contact arehthe shape of the electrode area.

Displacernent Mag.. 0.0E+00 4 6E-01 9.2E-01 14E+00 1.8E+00

um 0.001 sec COVENTOR

Fig. 40. The “Uniform” ohmic RF MEMS Switch

An expanded 3D view of the z axis of the uniformtskwv with the cantilever in arc

shape deformation is shown in Fig. 41.
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4.6E-01 92E-M 1.4E+00 1.8E+00

COVENTOR

Fig. 42. An expanded view of the “Uniform” ohmi¢&RIEMS switch

3.4.1.DC transfer analysis

A DC transfer analysis via Architect module hasrbearried out by applying a ramp
voltage to investigate on: actuation voltage, cointarce, conductance, contact area
and capacitance. A summary of the design paramefetise “Uniform” switch is

presented in Table 6.

Table 6. Design parameters of the “Uniform” switch

Parameter Value Parameter Value
Length (movable) | 330um Contact force 1.61uN (Vard
75uN (Vs(min)
120.8&N (Vsmax)
Width 150um Conductance 0.47S (M)

3.25S (Vymin)
4.12S (Mmax)
Height from electrog 3um Pull-down(\) 34.81V

First contact () 39V
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Full contact (M(min) 62V
Full contact (\max) 68V

Height from contacty 2um

Capacitance (OFF) 30.7fF

Cantilever Type Gold

Rayleigh gas damping | a=21178/s

parameters =0.103s
Cantilever thickness 6um Qcas 3.882
Holes to cantilever | Yes Contact Area 7.5nnf

3.4.2. Transient analysis

Initially, a transient analysis is performed ungdép pulse implementation with an

amplitude of 60V, width p= 148s, rise time,t= 2us and fall timest= 2us.
The amplitude of 63V is chosen so as to ensureduoifitact (63V > 62V). This

amplitude ensures immunity to switch parameteredamty due to the tolerances in

the fabrication process, while simultaneously wdo than the maximum allowable

voltage (63V < 68V) ensuring enough room for RFhalg Besides the rise and fall

times have a reasonable value that can be rehatasy to be generated by fast step-

up converters (slew rate = 3QM\).

3.75u

(178.22u, 3.5931u)

5001 2.5u 1

1.25u4

(m)

25.0 00

(2u, 63.0)

04 (18.1u, -2.008u)
-1.25u 4 M
0.0

(150u, 63.0)

(161.67u, -3.5195p)

I
0.0

50u 100u 150u 200u 250u

t(s)

(V) 1 1(s)
Step pulse

(m) - i(s)

Displacememt

Fig. 43. Displacement under step pulse implememtat

The switching time that obtained was around {i8.for the OFF-ON transition and

around 11.6is for the ON-OFF-transition, as shown in Fig. 4BisTigure shows the

fastest ON and OFF switching time that can be aeldieMoreover, the Fig. 43 also
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illustrates the bouncing problems during the polvd and release phases. Especially
during the release phase, the step pulse actuateates high bouncing phenomena
with the maximum displacement to be as much aqu&59

Fig. 44 illustrates other characteristics of thetcgwunder step pulse implementation
such as the contact area (7.8hnthe conductance (3.44S which corresponds to a
resistance of 0.29) and the contact force (84M). Control difficulties are also
observed as concerns the high initial contact fgazeund 850(N) due to the high
impact velocity (about 22.9cm/sec) which resultbigh settling time during the pull-

downstage of the switch (arounduggc).

(m*2) : i(s)
7.5n4 Contact area
;C‘_-T 5n+ (75.255u, 7.5n) _—
£ 25n-
(S) - i(s)
10.0 (18.345u, 10.931) Conductance
— (100u, 3.4465) —
2 5.0
0.0
(N) : 1(s)
1.0m
&-(18.345u, 849.05u) Contact force
= (100u, 84.41u)
0.0 ¢
[ I I I I I
0.0 50u 100u 150u 200u 250u
i(s)

Fig. 44. Characteristics of the switch under gtelse implementation

3.4.3.Control under tailored pulse

Applying the tailored actuation pulse high impactce and bouncing phenomena
have been reduced significantly, as shown in Fig. Under these conditions the
switching time is slightly increased to about 1&8a for the ON-OFF transition,
0.8us slower compared to the step-pulse implementafibe. switching time for the
OFF-ON transition has been also increased abast rdaching 1485, but the
maximum variation of the cantilever over the nudkjtion during settling time is now
reduced from 346m to 0.um.
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Fig. 45. Switch’s behavior under tailored actuatlse

Fig. 46 illustrates the other characteristics oé tbwitch under tailored pulse
implementation where an obvious optimization isevbed. The impact velocity is
reduced from 22.9 to 5.2cm/sec resulting to a digian in the initial impact force
from 849 to 21LN. The maximum conductance is reduced to 5.4Sadsté 10.9S

and the full contact 1.5rfis obtained at about 8 instead of 7%, an improvement
of about 30%.
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o 5 (53.339u, 7.5n) e
E  25n-
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5.0 (31.677u, 5.4591) Conductance
& 25 ¥
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Z  100u-
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Fig. 46. Switch’s characteristics under tailoretlation pulse
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3.4.4.Hot cycling mode of operation

In this section, results for the “Uniform” switchnder hot cycling mode operation
are presented. Fig. 47 shows the behavior of théleaer under hot cycling mode,
where the RF signal is passing through during tNed¥F transition. RF signals with
amplitude of 1V, 10V 20V and 26V are applied respety. It is obvious that the
bouncing of the cantilever increases, dependintheramplitude of the RF signal. For
RF signal higher than 26V the cantilever collapsas, expected, because the

correspondencepé=36.6V, is close to the =37V voltage of the switch.

(m) : t(s)
Tailored pulse+26V RF

500n

0.0+ Tailored pulse+20V RF

-500n |
n Tailored pulse+10V RF

(m)

1u-

Tailored pulse+1V RF
-1.5u

-2u -

[ I [ I [ I
0.0 50u 100u 150u 200u 250u

t(s)

Fig. 47. Displacement under the influence of wasi&F signals

Fig. 48 shows the applied tailored actuation puise,displacement of the cantilever
and the RF output of the switch when an RF signtl amplitude 1V and frequency
2GHz is applied, in time correlation. It has torhentioned that there is a difference
between the main actuation pulse and the real Bwwgctimes as shown below. The
switch is switched ON (90% of the signal) % before the start of the main pulse
and is switched OFF (20% of the signalp6after the end of the main pulse.
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Fig. 48. Behavior of the switch under hot modepération

A detailed view of the output RF signal is shownFig. 49. The initial OFF-state
capacitance of 30.7fF, which is created betweenileaar and contact area, allows

some undesirable signal transfer during the OFFx@nsition of the switch
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Fig. 49. Details of the RF output signal underimaide of operation

3.4.5.Electromagnetic analysis

A full electromagnetic wave analysis has been edrout to further investigate the S-
parameters of the switch using the two-port analfgim the Architect module. The

characteristic impedance r the input and output is set to®0
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Fig. 50 presents the Isolation and Return losshgrap the frequency range DC to 20
GHz, when the switch is in the OFF state. The tesof the simulation are very
promising considering that the Isolation and Retoss at 5GHz are -20.2dB and -

0.04dB, respectively.

(dB-) : f(Hz)

-10.0+ Isolation (S21)
A (15g, -10.79)

=30.07 (59, -20.242)
-40.0 9. 7=

-50.0-

(dB-)

(dB-) : f(Hz)

0.0+
Return Loss (S11)

-0.24

(59, -0.041307)

(dB-)

0.4
-0.6 (159, -0.37818)

I I I I
59 10g 159 20g
f(Hz)

Fig. 50. Isolation and Return loss graphs of tdeiform” switch in the OFF state

The behavior of the switch is also investigated nvkige switch is in the ON state
presenting significant results for Return loss 648 and Insertion loss -0.03dB, at
5GHz. The results of the simulation in the freqyemange DC to20GHz are
illustrated in Fig. 51.

(dB-) : f(Hz)

-25.0m -
-50.0m -
-75.0m -

0.14 (159, -0.075222)
-0.125 |

8§21 (insertion loss)

(59, -0.032037)

(dB-)

(dB-) : f(Hz)
-10.0+
-20.0+
-30.04
-40.04
-50.0

S11 (return loss)

(dB-)

(15g, -19.51)
(59, -28.982)

[ I I I |
0.0 5g 10g 159 20g
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Fig. 51. Insertion and Return loss of the “Uniférswitch in the ON state
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A summary of the simulated parameters of the “Unifbin line series ohmic RF-
MEMS switch is presented in Table 7.

Table 7. Performance results of the switch undiré&a pulse actuation

Parameter Value Parameter Value
Pulse amplitude 63V Isolation (OFF -20.2dB
(S21_5GHz
RF signal (max)| 26V Return loss (OFI -0.041 dB
(S11_5GHz
Contact force | 83.2uN Insertion loss (ON  +0.032 dB
(S21_5GHz
Conductance | 3.42S Return loss (ON -28.98 dB
(S11_5GHz
Switching Time  18.¢uS (OFF-ON) |SNR 83.7dB_OFI
14.6uS (ON-OFF) 60.9dB_Trasition
381.6dB_ONM

3.5. Modelling of the NEU in-line series ohmic RF-

MEMS switch

Currently, the only commercialized ohmic RF-MEMSsidm is the switch designed

and developed by the Professors McGruer and Zayrackorth-Eastern University

(NEU) in conjunction with Analog Devices and falatied at Radant Technologies.

Fig. 52 show a photo of the fabricated NEU switsthave been published by Guo at

al [108].
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Fig. 52. &) SEM micrograph of the “NEU” switchbf Top and ¢) side views of the
switch, where w=80um, w,=10um, ws=16um, w;=30um, L;=30um, L,=24um,
h;=6um, hh=0.6um and h3=0.38m.

3.5.1.Simulations results

A design, analysis and simulation procedure isiedrout through Coventorware
software package under the same conditions, asategescribed in the paragraph
3.3, in order to extract the operation characteastf the “NEU” all metal in-line
ohmic RF-MEMS. At first a manufacturing process an@D model for the switch
based on the above dimensions is created undergm®simodulus and then

transformed in 3D under Analyzer modulus as showkig. 53.
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A -

Fig. 53. The “NEU” ohmic RF MEMS switch

A view of the protruded electrode area as well hes dontact areas of the “NEU”

switch is presented in Fig. 54.

COVENTOR

Fig. 54. Electrode and contacts view of the “NElimic RF MEMS switch
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3.5.2.DC transfer analysis

A DC transfer analysis via Architect module hasrbearried out by applying a ramp
voltage to investigate on: actuation voltage, coinfarce, conductance, contact area

and capacitance and the results are shown in Bable

Table 8. Design parameters of the “NEU” switch

Parameter Value Parameter Value
Length (total) 54um Contact force 11.98IN (Var)
2XCantilever 30um 10QuN (Vs)
Actuation pad 24 um 164.2GN (Vsmax)
Width Conductance 0.88S (Mo
2XCantilever 16 um 2.544S (Mmin)
Actuation pad 80um 3.26S (Mmax)
Height from electrog 0.6um Pull-in(Vy) 60.194V

First contact (o 62.7V
Nominal (Vs 83.13V
Maximum (Vsmax) 94.1V
Height from contact§ 0.38m Capacitance (OFF) 0.822fF
Cantilever Type Gold Rayleigh gas damping | «=406083/s
parameters B=0us
Cantilever thicknesg 6um Qcas 5.31
Holes to cantilever | No Contact Area 11.556pm

3.5.3.Transient analysis

A transient analysis is performed first under spepse implementation with 83V
amplitude, width p= 48us, rise timet= 2 us and fall timest= 2us.

The amplitude of 83V is chosen so as to be in tluglla of the useful area (63.9 < 83
< 91) capable to offer immunity to switch paramgtencertainty due to the tolerances
of the fabrication process, and lower enough thamtaximum allowable voltage (83

< 91) ensuring enough room for RF signals.
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The switching time which is obtained under the abpulse conditions, was around
2.38us for the OFF-ON transition and around 1.§3or the OFF-ON transition, as
shown in Fig. 55. This figure shows the fastest &M OFF switching time that can
be achieved. Besides, the same figure illustratesbbuncing problems during the
pull-down (max. bounce = 1) and release (max. bounce = 2&f phases. High
settling times are observed also due to the s&ffrd the cantilever (k 1000 N/m),

which are around 1i for the pull-down phase and aroungi8%or the release-phase.

(V) 1 1(s)
90.0 - 300n -
800 & (52.5750, 255.14n) Step pulse
' 20004 |~ (24, 83.0) (50u, 83.0)
7001 100
md
80.09 (m) - ts)
50.0 0.0 (51.727u, -195.81f) _
g 100, E 1oon | Displacement
) (3.5025u, -232 36n) (90.712u, 960.31p)
-200n
20.0 (2.38u, -406.69n)
10.04 -300n -
0.0 -400n -
\ I I [ I \
0.0 20u 40u 60u 80u 100u
i(s)

Fig. 55. Displacement under step pulse implememtat

Fig. 56 Iillustrates the other characteristics o tBwitch under step pulse
implementation, such as, contact area (11.56Bpoonductance per contact area
(2.53S which corresponds to a resistance of @3@4hd contact force (9uBI).

(m"2) : 1(s)

15p + Contact area

10p - _—
el (10.898u, 11.556p)

0.0

(S) :1(s)

5.0 Ti, —(2.4153u, 5.6663) CanslnlEnss
@ 25 5 I
(35U, 2.5352) \
0.0

(N) : t(s)

(m"2)

500u [ &— (2.4153u, 495.98U) Contact force
Z 250u- (35u, 99.286u)
0.0
[ I I I I |
0.0 20u 40u 60U 80u 100u

t(s)

Fig. 56. Characteristics of the switch under gtelse implementation
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3.5.4.Control under resistive damping

Fig. 57 & 58 Illustrate the characteristics of thlevitch under step pulse

inplementation with resistive damping. The dampiegjstance can be calculated as:
R,C, =t, =2um => R, ~ 66M{)
where: G=30fF, the capacitance which is created withingleetrode area.

However, the switching time has been simulatecetadound 2.ds, which means that

for t=2us the cantilever has been moved and thesOmuch larger as the distance
from the electrode has been reduced. Accordingdasimulated results of Fig.55, the
cantilever remains in the initial contition for alidlus before starts to bend and this

time interval will be used for the calculation bktcorrect damping resistance:
R,C, =t, = lum => R, ~ 33M

The results in Fig. 57 shows the difference betwibese two cases with respect to
displacement and contact force. The simulation lteswith R, = 33MQ shows
excellent response of the switch during the puligphase as they show elimination
of the bouncing and the initial impact force (thghhimpact velocity has been
reduced to 13.2 cm/sec from 65.9cm/sec), with andynall increace in the switching
time (4.34N from 2.38N). During the release phase a significant reduciio
bouncing is also observed (169nm from 255nm).

The results with R= 66MQ also shows elimination of the bouncing and thé&ahi
impact force, however with a significant increandhe switching time (7.32 from
2.38iN) and the initial settling time. During the releaghase, a better response is
observed (52nm from 255nm), as the time constantR(@ is very closer the period

of the resonance frequency of the cantilexgrt2.us.
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100u+ & Contact force (33M)
(17.231u, 90u) _—
Z  50u- Contact force (66M)
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0.0+
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~ 2000+ (4.3407u, -398.41n) (54.82u, 52.39n)
-300n - (7.362u, -398.41n)
-400n

I T I T T |
40u 60u 80u 100u
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Fig. 57. Characteristics of the switch under défeé damping resistors

Under the above considerations the -R33MQ has been chosen for further analysis

of the switch as shown in Fig. 58.

(m"2) : i(s)
10p - £ Contact area
:c{n‘ (5.1109u, 11.555p)
E 5p
0.0 A
(8) 1 1(s)
Conductance
2.0 T .
. (21.577u, 2.5376)
£ g0
0.0 A
I I I I I |
0.0 20u 40u 60u 80u 100u
t(s)

Fig. 58. Contact area and conductance of the bwitth Rs = 33MQ

3.5.5.Hot cycling mode of operation

This section presents the results from the newckwiinder hot cycling mode of
operation, where the RF signal is passing throughhd the ON-OFF operation of the
switch. Fig. 59 shows the displacement of the targr and the output of the switch
when an RF signal with amplitude of 1V and frequen€t 2GHz is applied at the

input under step pulse actuation.
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(V) :i(s)
RF-Vout
=
(m) : i(s)
200n 4 Displacement
004 (23641u,-388.28n) (50.556u, -388.21n) E—
g
= 200an,‘,\/
-400n 4 -
[ I I I I I I
0.0 10u 20u 30u 40u 50u 60u
i(s)

Fig. 59. Behavior of the switch under step puldeation

In order to handle the bouncing problems which ereated under step pulse
excitation, resistive damping can be used. Fig.sbOws the displacement of the
cantilever under resistively damped step pulse fdiagnresistance |2= 33MQ) and

the RF output of the switch when an RF signal vaithplitude 1V and frequency of

2GHz is applied, in time correlation.

(V) :1(s)
1.0+
RF-Vout
0.5+
S 004
-0.5 1
-1.0-
(m) : (s)
Resistively damped
0.0
= (4.6876u, -388.23n)  (51.75u, -388.22n)
~ -200n -
-400n J
I I I I |
0.0 20u 40u 60u 80u
t(s)

Fig. 60. Behavior of the switch under hot modepération

Fig. 61 shows the behavior of the cantilever whénsignals with amplitude of 10V,
45V and 100V are applied together with the resésttamped step pulse. It is obvious
that the bouncing of the cantilever increases déipgnon the RF signal amplitude.

For RF signal amplitudes higher than 45V the raeledme of the cantilever is
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increased to |5 as a concequence ohy= 63V, which is equal to the M= 63V

voltage of the switch.

200N+

0.0+

(m)

-200n

-400n -

0

.0 20u

40u

(m) : i(s)
Pulse +10V RF

Pulse+45V RF

Pulse+100V RF

60u 80u 100u

t(s)

Fig. 61. Displacement under the influence of vagi&F signals

3.5.6.Electromagnetic analysis

A full electromagnetic wave analysis has been edraut to further investigate the S-

parameters of the switch using the two-port analfigim the Architect module. The

characteristic impedance ¥r input and output is set at@0

Fig. 62 presents the Isolation and Return losshrap the frequency range of DC to
20 GHz, when the switch is in the OFF state. Theukation results are excellent as

the values of the Isolation and Return Loss are.5¢ and -0.000031dB,
respectively, at 5 GHz.
(dB-) : f(Hz)
0.0 821 (isolation)
—~ -50.0 # /
g -100.0 (59, -51.573) (159, -42.032)
-150.0
-200.0
(dB) : f(Hz)
0.0+
S11 (return loss)
~  -200u (59, -31.23u) —
g
= by (159, -272.88u)
-600u -, T T T \
0.0 5g 10g 15g 20g
f(Hz)

Fig. 62. Isolation and Return loss graphs of tREUY” switch in the OFF state
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The behavior of the switch is further investigateith the switch in the ON state
presenting significant results with Return loss.7Z8B and Insertion loss -0.018dB at
5GHz. The results of the simulation in the frequyerange DC-20GHz are illustrated

in Fig. 63.

(dB-) : f{Hz)
-18.0m -

m S21 (insertion loss)
~ -18.5m —_——
@ (59, -0.018245)
~ -19.0m -
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-19.5m -
(dB-) : f(Hz)
-30.0
S11 (return loss)
m
e 500/ (159, -38.436)
-60.0-
[ I I I |
0.0 59 10g 15g 20g
f(Hz)

Fig. 63. Insertion and Return loss of the “NEU’itelv in the ON state

A summary of the simulated parameters of the “NHUine series ohnmic RF-MEMS

switch is presen

ted in Table 9.

Table 9. Performance results of the switch undsstiee damping actuation

Parameter Value Parameter Value
Pulse amplitude 83V Isolation (OFF -51.5dB
(S21_5GHz
RF signal (max)| 45V Return loss (OFF -0.000031 dB
(S11_5GHz
Contact force | 99.28@N Insertion loss (ON  +0.018 dB
(S21_5GHz
Conductance | 2.537S Return loss (ON -47 dB
(S11_5GHz
Switching Time  [4.34uS (OFF-ON) SNR 83.7dB_OF!
3.17¢uS (ON-OFF) 60.9dB_Trantitio
81.6dB_On
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3.6. Comparison of the switches

The evaluation of the new “Hammerhead” shaped lemeti switch can be fully
accomplished via a direct comparison with the otassiform shape cantilever
switch as well as with a “NEU"-type switch, as meted by Z J Guo, N E McGruer
and G G Adams [108].

The above version of “NEU” switch is chosen for gamson since it is the only one
of its kind published including exact dimensionsndations and measurements for
electromechanical and electromagnetic charactesjstvhile significant efforts with
respect to its controllability. The initial versiaf the above switch was presented in
the paper by Prof. N E McGruer at Northwestern @rsity [125].

In the previous paragraphs, a thorough modellindy @malysis of the Hammerhead,
Uniform and NEU switches has been presented base@awventorware software
package, extracting their main performance chanattess. The Hammerhead switch
comprises an evolution of the Uniform switch thusoanparison in between them is
attempted at the beginning. As shown in Tables 101&he “Hammerhead” switch
presents a significant improvement all over the rajenal characteristics
(Electromechanical and Electromagnetic) over theniftdm” switch. Due to its
distributed electrode area and the hammerhead dhapdilever as well as similar
dimensions to Uniform switch, it offers lower adioa voltage, produces similar
contact force, better conductance and greater intynda stiction, thanks to its
greater restoring force and smaller contact ar2@][1Additionally, operating under
similar tailored pulse conditions, controllability better compared to the Uniform
switch since its impact velocity is reduced by a6 times (31cm/s to 5.1cm/s)
instead of 4.4 (22.9cm/s to 5.2cm/s). The smallentact area and the higher
conductance ensure better electromagnetic chasicter such as isolation and
insertion loss as well.

As regards to the comparison between HammerheadBhatswitch, a significantly
lower actuation voltage (60V instead of 83V) isgameted, better conductance (6.76S
instead of 5.08S) combined with lower contact foramund 20%. Additionally it
offers comparable restoring force due to the S-shdgformation of the cantilever

[126]. The controllability of the Hammerhead is tbetas its switching time is slow
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enough to allow time for pulse manipulation. Furthere, the higher ratio between
operating voltage and pull-in voltage 2.4 of thenti@erhead instead 1.4 of NEU,
offers immunity against manufacturing or operationsmcertainties. Chapter 4
provides further analyses on this subject. Nevésise for very fast switches, like that
of the NEU, very good results can be achieved tjinaesistive damping control.
Considering power handling, the nominal contacaatNEU switch is very small
(0.023nm), thus in the active area (around the 1-2% of rihminal), the current
density reaches the 4@/cm? if a current of 10mA passes through the conta2?]1
This results in the increase of temperature whichturns increase the contact
resistance and the nonlinearity of the switch. thercase current excels 350mA, the
contact voltage reaches the 0.45V and the conteatraelts [127].

The “Hammerhead” ohmic switch can handle higherenis while it offers better
linearity due to its significantly larger contacteas. Additionally, a potential
temperature rise caused by high current in newckwitould contribute in the contact
surface asperities softening resulting to a lowmrtact resistance [101]. To achieve
high reliability and less stiction problems undee tibove operating conditions clean
switching environment and very low impact force tabe maintained, [102].

The electromagnetics characteristics of these bestqresent insertion loss of the
same order as the Hammerhead has smaller consistiareee but higher inductance.
The isolation figure of the NEU switch is much kettlue to its very small contact
capacitance although the Hammerhead switch presemis good isolation in the

operating frequency range.
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Table 10. Comparison of Electromechanical charesties

Parameter HAMMERHEAD UNIFORM NEU
Pull-in voltage 25.2V 34.8V 60.2V
Nominal actuation
voltage 60V 63V 83V
Total conductance| 6.76S 3.42S 5.08S
Contact force 81.5uN 83.2uN 99%uN
Impact velocity 5.1cm/s 5.2cm/s 13.2cm/s
Total contact area | 3nnt 7.5nnf 0.023nm
Switching time
OFF-ON 18.5us 18.9us 4.34s
ON-OFF 15us 14.8us 3.181s
Electrostatic force | 377uN 31uN 528N
Restoring force 214uN 123N 358N
RF maximum 20V 26V 45V
Rs 0.0110 0.0152» 0.00&2
Ls 161pH 163pH 22.8pH
Total G 12.3fF 33.22fF 0.882fF
Resonance freq. | 12.173KHz 13.554KHz 339KHz
Control Tailored pulse Tailored pulse Resistive damping

Table 11. Comparison of Electromagnetic charadtesi$sGHz)

Parameter HAMMERHEAD UNIFORM NEU
Isolation (OFF) -28dB -20.2dB -51.5dB
Return Loss (OFF) -0.006dB -0.041dB -0.000031 dB
Insertion Loss (ON -0.019dB -0.032dB -0.018dB
Return Loss (ON) | -28.9dB -28.98dB -47 dB
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3.7. Summary

In this chapter a novel “Hammerhead shaped” in-teges ohmic RF-MEMS switch
design has been presented. The electromechanioa¢r(UDC transfer and transient
analysis) and electromagnetic characteristics, lwhiave been extracted through
simulations under the Coventorware software packagmfirmed the initial

numerical calculations and have met the initiac#pmtions, which are:

e Simplicity

¢ Reliability

e Controllability

e Power handling

¢ Remarkable electromagnetic characteristics

For comparison reasons, in order to prove theieffay of the novel switch, other
two in-line series ohmic RF-MEMS switch configuaats, have been modelled and
simulated under the same conditions in CoventorwAresimple Uniform shaped

design with the same dimensions as Hammerheadelhsasvthe well known design

of NEU.
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4.RF-MEMS control

4.1. Introduction

A reliable ohmic RF-MEMS switch should be capabieswitching very fast without
settling periods to be necessary due to bounciegqginena. Additionally, the contact
force should be sufficient and constant as soorthasswitch closes. During the
release phase, the switch should return to itspasition as fast as possible in order
to be ready for the next actuation pulse. In reatliere is always a trade-off between
switching speed, settling time and contact forastswitching under a voltage step
pulse, can be achieved by increasing the amplitoflethe actuation pulse.
Nevertheless, one of the main problems associaitdelectrostatic actuation under
open loop voltage control is the pull-in instalilita saddle node bifurcation
phenomenon wherein the cantilever snaps-througfiretanderneath contact area once
its displacement exceeds a certain fraction (tylyick3) of the full gap. Increased
cantilever pull-in velocity implies bouncing andttiag time is necessary for the
switch to perform its best. Moreover, the contacté during the settling period is not
constant, reaching undesirable peak values whelilesaar touches its corresponding
contact area for the first time. That results istable contact resistance, power loss
and arcing as far as the signal is concerned athaces local hardening, pitting or
dislocations in the metal crystal structures of thaterials used, reducing the
reliability and the longevity of the switch [59].

Although a lot of effort has been invested in depelg materials capable of
maintaining high electrical contact conductancelevkeeping structural failures low,
it still remains one of the major reasons for deviailure. Different control modes
(open-loop and closed-loop) have been introducedebgarchers in order to control
MEMS electrostatic actuation, [128], [129], [122].

In terms of the complexity for the driving and segselectronics, an open-loop
approach has advantages over closed-loop congrdi,uses only driving circuits. On

the other hand, open-loop driving is sensitivedatameter uncertainties.
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The closed-loop control approach is significandgd sensitive to changes in system
parameters, and generates oscillation-free respoNsvertheless, closed-loop
produces relatively slow response and needs coatptichardware.

In terms of application requirements, when an ohgaatilever type RF-MEMS
switch is used, only two signal levels (ON and O&#€ of interest; its switching time
usually varies between 2-28 and the best way to drive it is by using openploo
control.

Generally, there are two main ways for open-looftctwng control of RF MEMS

switches, using Voltage drive or Charge drive aalntr

4.2. Voltage drive control

The analysis of the electrostatic actuated swidbaised on the model of the variable
capacitor with two parallel plates, as shown in.Fég. In this simplified one-

dimensional switch model, the lower plate is aneldpivhile the upper plate of mass
m can move attracted by an electrostatic force imgrlkagainst a linear restoring
force, represented by an elastic constant k, inedinmmn represented by a linear

viscous damping coefficient b.

W Anchor

Spring Kk

Resistance Variable
N\, Inertia m Motion ¢
R

v.() . IXT

W Area A
Capacitor with a movable plate

Fig. 64. Model of an electrostatically actuatedalale capacitor [129]
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This is essentially a mass-spring system actuayesl \mltage source in series with a
low value bias resistor and the electrostatic fascdepended on the amplitude of V
and the remaining gap between the surfaces of #pactor g. The co—energy
(U™) for this system is given by [130]:

2
Ur = (45)
and the electrostatic forcE4) at a constant voltage is:
__9uy _ a1 2\ | eAV? ey AV?
Fel - ox )V T ax (2 C(X)V ) - 2(go—x)2 - 2g2 (46)

The above equation states that the electrostatoe fapplied is always attractive and
increases as the plates of the capacitor get closeler these circumstances the static

equilibrium is reached when the electrostatic fargaals the mechanical forde:

Fn =k(go—9) (47)

and the system is stable at:

egAV?
g3

%(Fe—Fm)<0=> —k+ <0 (48)

From the above equation the system is unstabl@fagg0 and the pull-in voltage

(Vpi), where the cantilever collapses to the subsisadefined as (6):

2 8kg;
v, =V(2g,) =
pi <3g°) 27e,A
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4.3. Voltage drive control under tailored pulse

Observing the operation of an ohmic RF-MEMS switander step pulse
implementation at the moment the contact is mdaecontact force is very high due
to the high impact velocity of the cantilever. Téwmnductance becomes very high but
unstable due to the bouncing of the cantilever Wwiatlows the first contact, (due to
the elastic energy stored in the deformed contaténals and in the cantilever) and it
needs time to develop a stable contact force aackdh a stable conductance. This
bouncing behavior increases the effective closing tof the switch. Additionally,
bouncing affects the opening time (ON to OFF trams) since the cantilever needs
time to settle on its null position. That behaviatroduces system noise as the
distance between cantilever and its correspondingact point is not constant.
Meanwhile, the contact may get damaged by the largeact force which can be
much greater than the high static contact forceeseary for low contact resistance.
This instantaneous high impact force may inducealldtardening or pitting of
materials at the contact. Besides, it may facditatterial transfer or contact welding,
which is not desirable for a high-reliability switcAll the above increase the adhesive
force, which is a function of the maximum contactce and they result contact
stiction.

Instead of using a continuous step command to abtiite electrode, a tailored pulse
[131] with different levels of applied voltages atishe intervals can be applied, as
shown in Fig. 65. The entire operation can be dladsin two phases, the “pull
down” phase and the “release phase”. The pull dpivase mainly refers to the
actuation of a contact switch from its original Inpbsition to the final contact
position.

In the past few years several efforts have beenemadtailor the shape of the
actuation pulse using either analytical equationsaosimplified single-degree-of-
freedom (SDOF) model (parallel plate capacitor)tbeir own [132], [133], or in
combination with Simplex optimization algorithms2pl, [134]. All these efforts
focused on the minimization of the impact force @adincing during the pull-down
phase of the switch but without taking into accodamping or adhesion forces.
Recently, new publications presented a more acegaiution that includes all the
involved parameters [108], [135], [131], [136]. Netheless, the SDOF model is not

considered as an accurate method to describeegffigia non-linear system like an
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RF-MEMS switch during its ON—OFF operation. Besjdess not possible to obtain
an analytical expression for damping, with the @tioa for a linear system with
viscous damping. This implies that in all casesclwvhare mentioned above, the
tailored pulse which has been created under analyitnplementation needs to be
manually fine tuned in order to fulfill the requinents for soft landing and bouncing
elimination.

A proper design must achieve a rapid and low impasponse (ideally zero velocity)
at the time of contact and fast settling once théch is released from its contact
position towards the null position. Special effonist be paid in the release phase due
to the fact that considerable residual vibratiomnall position could be generated
before settling, reducing switching rate duringepeated operation and producing
undesirable noise, as the isolation of the swigkhnstable, during hot switching
operation [46].

For an initial estimation of the tailored pulse #ralytical method presented by K.-S.
Ou et al [131] is followed in order to calculatdtage amplitudes and time intervals.
The sum of potential energy, U, and kinetic enexfythe switch must be equal to the
applied electrostatic energy. For the system shoviig. 64, the energy conservation

argument can be written as

1 2 1, 2 _ ggAV?
Smve + - kx® =Fy = 2(go—x)2 (49)

In order to achieve the condition of zero contaowity at the moment of contact, all
the electrostatic energy must be converted to pateenergy at the moment the
contact occurs. To achieve this goal, the appl@def must be turned off once the
displacement exceeds a particular middle poigt @y equaling the potential energy

and the applied electrostatic energy the distancamx be computed by:
S Fodx = [ fex dx (50)

2
_ g0U|X=Xmax (51)

15y U
1t90 |X=xmax

where
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_ AegVE(D)

H, .

(52)
V, is the selected applied voltage, which must exd¢bedoull-in voltage ¥, with a

factor of about 1.4 for correct operation of th@ide [46]. Next the time intervals of

the pulse have to be calculated. In order to aehikig, consider that:

v="= /%(W—U) (53)

where the potential energy U equalé/Rxand the work done by the external force W

is defined as:
_rx _ Hx
W= fo Ferdx = 9o(go—x) (54)
and the time interval, t1, can be found from:
t, = [ L dx (55)

’ \/%(go(gg—xf%"xz)

Following the same approach, the timenhen the mass reaches the target can be

calculated as:

1

\/ %(go(gg—x)_%kxz)

tz == tl + f;max dx (56)

For determination of ¥ the condition is not unique, since the only reguient is to
ensure the contact between the switch and suhsinageneral, an increase in Will

not increase the impact force, but instead it eobsrthe contact pressure and thus
decreases the electrical contact resistance. Fygolisity and ease of implementation,
let Vo=V =V,

The same strategy discussed in the previous sexdiome used in the Release phase.
The proposed command history is schematically showhig. 65. First, at t=0, a

constant voltage Vis applied to actuate the switch. The switch thecelerates and

113



moves toward the substrate. This input voltagédés tceased when §=fThe switch
decelerates but still continuously moves towardsihestrate. At the moment of t 5 t
the switch finally contacts the substrate at a igdgé speed. At this moment, an
input V = V, immediately kicks in to counteract the elastictagnag force and to
ensure the final contact. Thus a voltage-pulse tagtuation scheme, defined by the
attributes listed below and schematically showkio 65, has been used to improve

the dynamic response of the microswitch.

I 1 ] | S
1 X 1 1 1
I. 1 1 =1
ON - ! '
P thion t
; ;
1 1
1 1
1 1
1 1
OFF - | : 1 i :
1 ] 1 1
1 1 1 1
1 i 1 1
V 1 1 1 1
. -
ton| tof) ) e
1 1 1 1
T ol t; 't
1 | 1 1
1 [ | 1 1
1 | 1 1
1 1 1 1
1 (| 1 1
1 1 1 1
1 I 1 1
1 1 1 1
d ' i ; '
| 1
1 = 1
\: displacement v/

Fig. 65. The phases of the tailored actuation pulse

These attributes are:

The amplitude of the actuation volta@&),

The pull-down actuation time,§, which consists of the on tim@on) and the off
time (tp(ofr)

The hold-on timet{en))

The release timf,) which consists of the off timiom) and the on timén))
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Making use of this open-loop control technique lloeincing of the switch after the
initial contact can be eliminated and the impactéaduring contact can be minimized
while maintaining a fast closing time.

The main drawback of the above procedure is thertetlare many parameters that
have to be modified in order to reach a good cayermce to the targets. Due to the
large number of parameters and the nonlinear streiadf the problem it is very
difficult to work it through analytically. Thus thenly solution is the implementation
of an optimization method.

Recently, thanks to the rapid development of coempigichnology, several stochastic
optimization techniques that incorporate randomiatimn and selection such as
Genetic Algorithms (GA) [137], Particle Swarm Opimation (PSO) [138] and
gradient-based algorithms [139] have been impleatknia computer codes to solve
various problems. These optimization methods canlibeled into two categories:
global and local techniques. Global techniques agIGA and PSO are capable of
handling multidimensional, discontinuous and ndiedéntiable objective functions
with many potential local maxima while they are Higindependent of initial
conditions. However, one of their main drawbackther convergence rate which is
slow [140].

In contrast, for the local techniques such as tiaglignt-based algorithms, the main
advantage is that the solution converges rapidbywéver, local techniques work well
only for a small number of continuous parameters thiey are highly dependent on
the starting point or initial guess while react ppao the presence of discontinuities
in solution spaces.

In order to bridge the weak points of these twdntégues the Design of Experiments
(DOE) technique can be employed, another way fbieang optimization on the
target and reduction in variation around the tar@®E is a powerful statistical
technique for improving product or process desiga solving production problems.
A standardized version of the DOE has been intreduxry Dr. Genichi Taguchi, an
easy to learn and apply technique for design opttion and production problem
investigation [141], [142]. Taguchi's optimizationtechniqgue can handle
multidimensional, discontinuous and nondiffererigatbjective functions with many
potential local maxima while converges rapidly b@ toptimum result but within a

well defined area.
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Applying Taguchi’s approach to optimize the actoiatpulse of an ohmic RF MEMS
switch allows soft landing (low impact force), watlt the expense of more switching
speed as well as eliminating the bouncing phenomBma appropriate magnitude of
voltages and time intervals of the actuation ptigm can be calculated by combining

a Taguchi's Optimization algorithm and Architectante of Coventorwar®.

4.4. Taguchi optimization method

Dr. Genichi Taguchi has developed a method basedxhogonal Array (OA)
experiments which offers significantly reduced aage for the experiment by setting
optimum values to the control parameters. Thus dbmbination of Design of
Experiments with optimization of control parametésachieved in the Taguchi’'s
Method. Orthogonal Arrays are highly fractionalhmgonal designs, which provide a
set of well balanced (minimum) experiments.

The optimization procedure begins with the probleonsideration, which includes
the initial conditions, the selection of a propek @nd an appropriate expression of
the fitness function(ff). The selection of an OA depends on the numbempfiti
parameters and the number of levels for each paeame&he ff is a particular
mathematical function and is developed accordinth&éonature of the problem and
the optimization goals.

After a simple analysis, the simulation resultsveeas objective functions for
optimization and data analysis and an optimum coathin of the parameter values
can be obtained. The log functions of the outpogned by Taguchi as Signal-to-
Noise ratios (S/N), are used for prediction of thptimum result. It can be
demonstrated via statistics that although the nurobexperiments are dramatically
reduced, the optimum result obtained through thi@ogonal array usage is very close
to that obtained from the full factorial approach.

When the Taguchi method is implemented at the dekdgel and the efforts are
focused on the optimization of the control valubs, experiments can be replaced by
simulations.

In order to achieve as high convergence with thal g possible, successive
implementations of the method have to be appliedidd this procedure the optimum

results of the last iteration serve as centralesfor the next, reducing each time with
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a predefined factor the level-difference of eachapeeter. The procedure terminates
when the level-difference becomes negligible anckimam available accuracy is
reached.

The procedural steps in detail are shown below.

1. Consideration of the problem that must be solved:

2. Extraction of theff and definition of the optimum goal (Minimum, Noralnor
Maximum):

3. Definition of the main parameters and their esteddtenter)values

4. Definition of the leveld.i i for each parameter within £20% of the center v&lue
In order to describe the non-linear effect so aggtadually minimize each
iteration-level’s difference, an odd number of leveust be used for each input
parameter.

5. Definition of the maximum resolution of the parasrst

6. Design of Experiment (DOE) using Taguchi's suggés@rthogonal Arrays
OAL(m") in order to minimize the effect of any errone@ssumptions that have
been made due to effects considered negligiblechwtonsist of:

e nrows (number of experiments),

e k columns (number of parameters) and

¢ m levels (on which each parameter will vary).

7. Simulation using the module Architect of Coventoreiaaccording to the
selected OA.

8. Evaluation of the compliance of tHé for each combination of the levels of
parameters based on the simulation results.

9. Computation of the mean value of the fitness fuumgiof the experiment
¥ =-%izny, (57)
10. Computation of the mean value for each level ohgarameter

Uy = 80 Y, (58)
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(Example: For the parameter A when level is 1, ddd values of all
correspondingf and compute their mean value)

11.Consideration of the optimum level for each paramdepending on thé?ml. and
the nature of the goal (minimum, nominal or maximum

12.Prediction of the optimum value of the experimerit;sbased on the 20Leg
values ofY and theri . (The conversion is essential in order to avoigatige
values especially at the beginning, when the difiees between aof andeL. are
high)

YO (Log) = Y(LOQ) - (Y(LOQ) - Ylmopt(Log)) - (Y(LOQ) - Ykmopt(Log)) (59)

The predicted value might not be the optimum beedlus OA is a fractional factorial

design, but never the less it shows the directioth® optimization. During the next

iterations, as the gap between the mean and peddigptimum value becomes
smaller, the possibility that the predicted optimuaiue to be the optimum value rises
significantly.

13. Definition of the Reducing Percentage (RP) of thiadl deference between the
levels of the parameters. The RP depends on thieenat the problem and can be
high for simple cases with only one optimum cormxtitor low for more complex
situations.

14.Creation of new level differences by multiplyingetRP with the initial level of

the parameters.
LD; = Linie - (1 — RP) (60)
15.Creation of new levels for the next iteration bydiady the estimated optimum
levels of the parameters of th8 iteration with the_D;.

16.The procedure stops when thB; reaches the limits of the allowed resolution of

the parameters.
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4.5. Optimization of the tailored pulse

In this Thesis, for the first time, the optimizatiof the switch’s actuation pulse with a
simple and efficient way, using Taguchi’'s technigaepresented. Optimization is
achieved in collaboration with the Coventorwaretwafe package, comprising a
complete solution concerning switch behavior. Assult, high switching speed with
low bouncing phenomena and low impact force, iseasd.

The “Hammerhead” RF-MEMS switch is considered ftwe tcase study. The
procedure followed towards the design of the swichl the optimization of the

tailored pulse used for its actuation is describea few steps, bellow.

e Initially, a step actuation pulse has been appieethe switch to observe its
switching characteristics and verify that there @vasiderable weaknesses as
far as the impact force and the bouncing phenoraemnaoncerned.

e A tailored pulse has been applied next, insteath®fsingle step pulse, based
on previously published work [131]. The performané¢he switch got better
but there was still plenty of room for further irogement.

e Finally, Taguchi’'s optimization technique has besgplied to modify the

actuation pulse in order to further improve theawtr of the switch.

During the design and simulation process Covent@Wvaroduces an output file
which includes data regarding simulation conditjotssign components and power
sources. Importing this file to a specially custped algorithm written in C++, the
simulation conditions as well as the charactegsbicthe switch’s actuation pulse can
be optimized to achieve the required performancéis Tis done because
Coventorwar® supports the AIM [143], a high-level embedded g language
developed to control and manage user input, grgphneasurement, symbol creation
and other kinds of analyses and processes in Sgipdications allowing simulation
control from external sources. Once the simulatisnover, the custom made
algorithm evaluates and processes the resultsewritt the output file, running the
optimization algorithm based on Taguchi’'s MethotheToptimized actuation pulse
parameters are then imported back to the Coventef\iile and the simulation runs
again, repeating the same process up to the pargitnulation results meet the goals,

set at the beginning of the process.
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The objective of Taguchi’s algorithm is the minim@iion of theff. According to the
nature of the problem two separate optimizatiorcedorres have to be realized within
two different switching operation phases. The plalwn phaseff,.) and the release
phase(ff;.)

A. Pull-down phase

Theffy.q is suitably determined according to the next tlu@editions.

e Lowest contact time (highest switching speed)
e Lowest contact force (lowest conductance)
e Existence or non existence of a gap (bouncingy #ftefirst contact up

to the end of the time interval.

Thus a weightetf,4 has been chosen with the form:

Search for timgap between the contact force measurements
If yesthen = ff,_q = 10°® - timpact) + 10° + Fimax) + 10

If nothen = ff,_4 = 10° - timpace) + 10° * Finax)

ffp—d(Log) = ZOLoglo(ffp—d)

where: timpacr) IS the time needed for the first contact to ocand F,,.y) is the

maximum impact force measured during the pull-dpivase.

B. Release phase
The ff; is suitably determined according to the differet@ween maximum and
minimum cantilever’s displacement, after a predsditime, which includes the pull-
down time, the switch-on time and the time thatahstilever needs to reach its zero
position after the switch-off.

Thus a weightedf; has been chosen with the form:

tnitiar) > 163usec
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ffr = 10* - (Displacement,,q, — Displacement ;)

ffr(Log) = 20Log1o(ffr)

where: thet initiqry > 163usec includes the pull-down phase time, the hold-down
time (ON) and the time that the switch needs tehats null position (OFF) (These
time intervals have been investigated during thep giulse implementation). The
weight-factors (1) 10, 1) are used according to the magnitude (in micrdrthe
factors and factor 10 indicates the penalty thattbabe paid in the case of bouncing
during the pull-down phase, otherwise theould be driven to false results.

Taguchi’'s method is accurate within a well definadial area. Thus, taking into
account the magnitudes of the tailored actuatiolsepwf the previous step and
considering a + 20% deviation from these predefinagdies, the initial levels of the
parameters for Taguchi optimization can be creasdhown in Tables 12 & 13.

Table 12. Pull-down phasg)tevels

Vp(Volts) | 48 60 72
toony(nsec) 5.6 | 7 8.4
tr (usec) 16 |2 2.4
toom (nsec) | 8.8 | 11 13.2
tr (usec) 1.6 2 2.4

Table 13. Release phasg Igvels

Vp (Volts) | 48 60 72
tron)(usec) | 3.2 4 4.8
tr (usec) 1.6 2 2.4
trofry (nsec) | 6.4 8 9.6
tr (usec) 1.6 2 2.4

The number of parameters of the actuation pulselwhill be calculated through the
optimization process are 5 with 3 initial level<leand are considered for the two

actuation phases as following:
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Pull-down phase g}
A. The magnitude of the pull-down pulsg V)
The ON-state of the pulsgd (1S)
The fall-time of the pulsgt (us)
The OFF-state of the pulsgdk (1S)

mo o w

The rise-time of the pulsg.t(us)

Release phase)t
A. The magnitude of the release puls€\¥)
The OFF-state of the pulsed (us)
The rise-time of the pulse t(us)
The ON-state of the pulseu (us)

moow

The fall-time of the pulse.t (us)

For an OA with 5 parameters and 3 levels for ealampeter a configuration with at
leastn, s =1+ (k- DOE,) =1+ (5-2) = 11rows is needed.

WhereDOF,=m-1 means degrees of freedom and in statistical arsaiys equal to
the number of the levels of a parameter minus 1.

Taguchi suggests the solution of the g(8’, 2) that can handle up to 7 parameters
with 3 levels each and one with 2 levels in anyawé 18 rows. For this case 5
columns of the OA(3’,2) have been chosen to assign the five paramieteheir 3

levels, thus an OA(3°) has been created, as shown in Table 14.
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Table 14. OA¢(3’)

n rows A B C D E
1 1 1 1 1 1
2 2 2 2 2 2
3 3 3 3 3 3
4 1 1 2 2 3
5 2 2 3 3 1
6 3 3 1 1 2
7 1 2 1 3 2
8 2 3 2 1 3
9 3 1 3 2 1

10 1 3 3 2 2
11 2 1 1 3 3
12 3 2 2 1 1
13 1 2 3 1 3
14 2 3 1 2 1
15 3 1 2 3 2
16 1 3 2 3 1
17 2 1 3 1 2
18 3 2 1 2 3

Taking into account the above considerations, thguthi’'s optimization algorithm
was implemented in C++ for the actuation pulse.

The optimization procedure graphs, shown in Fig&8%/ present the curves of mean
and optimum values for the pull-down and releasgsphas they converged through

Taguchi process, respectively.
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Fig. 67. Optimization procedure graph for the Retephase of the switch

The results for optimum dimensions extracted thhotigguchi Optimization method
after 20 iterations (less than 1 hour of procestimg), for the pull-down and release
switching phases of the ohmic RF-MEMS switch dresirated in Table 15.
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Table 15. Voltage and time intervals of the optieizailored pulse

Pull-down phase f} Release phase)(t

\% p-d l:p—on tp—f tp—off tp—r Vr tr—off 1:r—r tr—on tr—f

615V | 7.3is | 1.61s | 10.2S| 2.2us | 61.5V| 4.9s | 1.9is | 9.3s | 1.9is

Continuing with the analysis, the switch is exandinender transient conditions in
Coventorware Architect environment. Simulations éndveen carried out using,
initially, a step pulse as an actuation pulse,lared pulse and finally the optimized
pulse, as described below in Tables 16, 17 ande$pgectively.

Table 16. Step pulse voltage and time values
tus) |0 |2 150| 152
vVvV) |0 60 |60 | O

Table 17. Tailored pulse voltage and time values

t(us) | O 2 9 11 | 22| 24| 150 152 156 158 166 168

V(V) | 0 60 | 60 | O 0 60| 60| O 0 60f 60 O

Table 18. Optimized tailored pulse voltage and twakeies

t(us) | 0 | 2 93| 10.921.1|23.3| 150 | 152| 156.9 158.8| 168.1| 170.

V(V) |0 | 615/ 61.5/0 0 60 | 60 | O 0 615 613 O

Simulating then, the behavior of the switch under Optimized-Tailored pulse, the
results show great improvement with respect to chpalocity (3.6cm/sec instead of
31cm/sec of the step pulse and 5.1cm/sec of tharddi pulse), which implies true
‘soft landing of the cantilever, reducing dramatically the imp#orce (138N instead
of 34uN of the step pulse and 1,/ of the tailored pulse), as shown in Fig. 68.
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Fig. 68. Comparison of the contact forces

In the pull down phase the bouncing phenomena Hmseen eliminated and the

switching speed, is kept high (), around 1 s slower than the step pulse (153

but around 1.ps faster than the tailored pulse (1&pas shown in Fig.69.
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Fig. 69. Comparison of the switching behavior dgrihe pull down phase

Similar behavior is also observed during the redgaisase as the ON-OFF switching

speed is 1315, around 0.5s slower than step pulse (1@s], but around 1% faster

than the tailored pulse (14.9). Additionally, bouncing phenomena have pradical

eliminated (instead of max. deviation of 3.59 for the step pulse and 0,8# for the

tailored pulse) during the release phase, as pexséenFig. 70.
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Fig. 70. Comparison of the switching behavior dgrihe release phase

A comparison between the results implementing diffe actuation pulses, are shown
in Table 19.

Table 19. Comparison of switching characteristiogdar different actuation modes

Impact | Impact Switching | Switching | Max. Bouncing

Velocity | Force |pull down’ | (release) | Displacement
Step Pulse 3lcm/s| 348 | 15.3is 13.21s 3.59m, -2um
Tailored Pulse | 5.1cm/s 1M | 18.5us 14.Qis 0.37tm, -0.33m
Optimized- 3.6cm/s | 138N | 17us 13.74s 0.13um, -0.09um
Tailored Pulse

4.6. Resistive damping (Charge drive control)

Another way to control the impact velocity in orderachieve soft landing and fewer
bouncing phenomena is the resistive damping. Tdm$ral method is also referred as
charge drive and has been presented for first iyn€astaner and Senturia [144] (see
Apentix A.2). Under charge control the pull-in pbemenon of the Constant Voltage
controlled electrostatic actuators does not exisige, if the current drive is ideal,
any position across the gap is stable. The maigore#or this behavior is that the
applied electrostatic force is always attractivd enindependent of the remaining gap
of the actuator.
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Charge drive control using constant current souisesostly preferred to extend the
travel range of electrostatic micro-actuators [13[45], [146], [147], [148].
Nevertheless, there are very few references ifitéxture as regards charge drive
control on RF MEMS. References include, a papeh witmerical simulations for a
capacitive RF-MEMS by Lee and Goldsmith [149] andthaer recently published, by
Blecke et al [150], which presents a learning atbor for reducing fabrication
variability using resistive damping for the pullwio phase. None of these papers
present any details on how to implement resistar@ping or any results of such kind
of applications. Varehest et al [151], attempteatdatrol the bouncing of a MEMS
accelerometer at its resonance frequency usinggesiesistor. This Thesis for the
first time presents an attempt to control an ohRkc MEMS switch using resistive
damping.

In case, a constant voltage source V increasegldwtrostatic force is increased due

to an increase in the charge (Q).

_ @
Fo=1 (61)

Simultaneously, the increased force decreases é¢bm theight (g), which, in turn,
increases the capacitance and its charge. In atloeds the electrostatic energy
provided by a constant voltage sourceid/converted to kinetic energy, accelerating
the beam [151].

At g=2/3g, the increase in the electrostatic force is grefitan the increase in the
restoring force, resulting in an unstable conditeomd a collapse of the cantilever
beam to the CPW line. This behavior creates a Imgbact force and bouncing
phenomena.

When a voltage source with a large series biasteagie is used instead, the behavior
of the switch is not the same. The presence ofhigh bias resistor changes the
behavior of the source, to a rather constant capacurrent charge, which mainly
depends on the resistor's value. Under these donditthe source behave like a
current source and reduces the kinetic energy@MBEMS switch near the point of

128



contact by causing the voltage across the switdlirdp in case of a rapid change in

the capacitance of the electrode area.

t

Ve =Vs(1-ere) (63)

For series ohmic RF-MEMS switches the capacitaneated by the electrode area of
switches in the up state is in the order of 0.02&, with a final remaining gap of
g>0.4um in the down-state position. The current drown olithe source by the
variable capacitor during the transition time igwemall (2—-20pA) and a bias
resistance R=10-50 M2 is needed for an appreciable voltage drop.

The maximum initial charging current of the capaicwhich is created under resistive
damping between the electrode area and the caartithwing the transition time of

the actuation pulse is given by:

. av
lc = Celd_tc (64)
where:

Ce IS the capacitance between the electrode andatitdeyer in its initial position.
dV¢ is the voltage drop in the capacitor

dt is the rise time of the actuation pulse

The value of the appropriate bias resistance fdugmg the velocity of the cantilever
through the gradual raise of the actuation volt@§9 is calculated through Ohm’s

law as:
Ic Cel

Such a bias resistance cause soft landing withblesacing phenomena, lower initial
impact force but is also introduces additional gétathe switching time.
All the above considerations are valid only for tase that the rise time of the pulse

is much smaller than the switching time tr<<ts, ebhineans that during the rise time
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of the pulse the cantilever has not started to mgateand its initial capacitance
remains stable.

To eliminate bouncing phenomena, during the relghsese of the switch, when the
cantilever oscillates in the resonance frequeroy,RsCe product must be equal to

the period of the resonance frequency [151] andRtHer this case is calculated as:

Rp = Ze (66)

Cel

The “Hammerhead” RF-MEMS switch is considered rfextthe case study. For the
pull-down phase the value of the damping resisté&cdepends on the values of the
capacitance, created between the electrode arethamdntilever when the cantilever

is in its initial position, and the rise timeof the applied pulse, as shown below:
R,C, =t, =2um => R, =~ 17M

where: G=118fF, the capacitance created in the electrogl. ar

Fig. 71 illustrates the characteristics of the skitinder step pulse implementation
with resistive damping. The results show excelknitch response during the pull-
down phase. Elimination of the bouncing is obserwatth significant reduction in
settling time (35 from 5%N) and reduction in the initial impact force (16@rh
349uN) with only a small increase in the switching tirf8 from 1mN). In the
contrary, very poor response is observed duringdlease phase. Although the delay
in the switching time is @m (15 from 12) the effect on the bouncing is vemya$f
(3.09 from 3.58m). This phenomenon is due to the fact that theenmm@nt of the
cantilever is governed by different forces.

In the release phase the free move is due to gterimeg force and the mechanical
resonance frequency of the cantilever and depemigoa its elastic properties. Thus,
a resistance that can be effective at this phasadbe proportional to the period of
the resonance frequency of the cantilever. Thenaaste frequency of this switch is
about 12.3KHz with the period aroundu®0and the resulted resistance, calculated for
this time, is about R680MQ, which unavoidably, is inappropriate for the padidiwn
phase.
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Fig. 71. Characteristics of the switch under tasgssdamping

The effect of damping resistancg,R7MQ on the step actuation pulse source

(Voltage, current and power) is also shown in F).
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Fig. 72. Source response under Resistive dampingat mode
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4.7. Hybrid control mode

Another new control method for cantilever type REMIS is presented in this Thesis
for first time and consists of a combination of tik® above techniques (Optimized
tailored and resistive). The required steps foyapg the Hybrid control mode for a

given switch are the following.

e Consider the initial optimization procedure of gaeph 4.3

e Consider the procedure for Resistive damping cagraph 4.4

e Consider a Taguchi optimization procedure for atdwicontrolled by a

tailored actuation source in series with a larges bbesistor.

The “Hammerhead” RF-MEMS switch is considered fog tase study. As the two
first steps have already implemented in the twoviptes paragraphs only the
implementation of the third step remains. Taguchi&thod is implemented taking as
central values the magnitudes of the optimizedoted actuation pulse of the
paragraph 1.3 and considering a = 20% deviatiom ftbese predefined values, the

initial levels of the parameters can be createdhasvn in Tables 20 & 21.

Table 20. Pull-down phasg)tevels (Hybrid mode)
Vp (Volts) | 49.2 | 61.5 73.8
tpon)(nsec) [ 5.84 | 7.3 8.76
t; (usec) 1.28 | 1.6 1.92
toom (nsec) | 8.16 | 10.2 | 12.24
tr (usec) 1.76 | 2.2 2.64

Table 21. Release phasg Igvels (Hybrid mode)
Vp (Volts) | 49.2 | 61.5 73.8
ton (usec) | 3.92 | 4.9 5.88
t(usec) |1.52 | 1.9 2.28
tiofr (usec) | 7.44 | 9.3 11.16
t (usec) |1.52 | 1.9 2.28
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The optimization procedure graphs shown in Fig&734 present the curves of mean
and optimum values for the pull-down and releasasph, as converged through

Taguchi process, respectively.
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Fig. 73. Optimization procedure graph for the figlvn phase of the switch

e [\lean = == Estimated Optimum

Fitness Function (dB)
A
(6]
P -
—

-47 \-_____..\-..____;

0 5 10 15 20

Iterations

Fig. 74. Optimization procedure graph for the Retephase of the switch
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The results for optimum dimensions extracted thhotigguchi Optimization method

after 20 iterations (less than 1 hour of procestimg), for the pull-down and release

switching phases of the ohmic RF-MEMS switch dresttated in Table 22.

Table 22. Voltage and time intervals of the optimizailored pulse (Hybrid mode)

Pull-down phase (}

Release phase)(t

Vp_d

tp-on

tp_f

tp-off

tp-r

Vi

tr-off

tl’-l’

tr-on

tr-f

66V

7.918

1.9s

9.1s

1.9s

61V

6.7us

2.218

8.4Qis

2.218

Continuing the analysis,

the switch is examined emnttansient conditions in

Coventorware Architect environment. Simulations éndeen carried out using a

voltage source with the characteristics of theroed pulse, as described in Table

23, in series with a bias resistor of 1M

Table 23. Optimized tailored pulse voltage and tuakies (Hybrid mode)

t(us) | 0 | 2 95| 11421.1|23 | 150| 152| 158.5160.7| 169.3| 171.5.
V(V) |O |66 | 66 | O 0 60 60| O 0 61 61 0
(m"2) :t(s)
. 1.5n+ Contact area
N 1n4Nf8231u 1.5n) \\
E  500p
0.04
(S) : 1(s)
40-
Conductance
%) 2-0‘f (100u, 33838) \
0.0+
(N) : {(s)
100u 38 231u, 84.14u) Contact force
2  50u- (100u, 81.362u)
0.0+
(m) : t(s)
0.0 (166.57u, -491.58p) Displacement
E -m\zoggu -2u) (183.29u, 297.19n)
(231.14u, -183.29n)
-2U -
I I I
0. 50u 100u 150u 200u 250u
t(s)
Fig. 75. Characteristics of the Hammerhead switadter Hybrid control mode
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Fig. 75 illustrates the characteristics of the Harimead switch under Hybrid control
mode. The results show excellent response duriniy Iswitching phases with
elimination of the bouncing and impact force in fhél-down phase and elimination
of the bouncing in release phase.

The effect of damping resistancg=R7MQ on the tailored actuation pulse source

(Voltage, current and power) is also shown in Fi).
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Fig. 76. Source response under Hybrid control mode

4.8. Comparison between different actuation

modes

A comparison between the four actuation modes {stdge, step pulse with resistive
damping, Taguchi optimized tailored pulse and Hyprhat have been used, is
illustrated in Fig. 77. It is obvious that the camtof the switch with Optimized

tailored pulse mode as well as with Hybrid modenisch better during the release

phase as the swing of the cantilever is aboutif&g smaller.
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Fig. 77. Comparison between different actuatiordeso

In Fig. 78 a more detailed view of the pull-dowrapé is shown, where the actuation
of the switch under Optimized tailored pulse, riéges damping or Hybrid mode
presents very good behavior, around 1jdsl9witching time and almost no bouncing.
Under step pulse actuation the switch is fastanghty 15us, but with much more

initial impact force and with a bounce of about 2F0high.

(m) :t(s)
Step

0.0

Resistive

1ud Tailored_opt

(m)

Hybrid

-2u -

0.0 10u 20u 30u 40u 50u
i(s)

Fig. 78. Comparison between different actuationlesoas concerns the pull-down

phase

Comparing the impact force of the switch under fthe& control modes, the results
show great improvement with respect to impact vgtotor all three modified
actuation modes 9.4cm/sec for the Resistive, 3$&mtnfor the Optimized-Tailored

and 1.4cm/sec for the Hybrid, instead of 31cm/dabestep pulse. The Hybrid mode

136



excels all the others and implies trisoft landing’ of the cantilever, reducing
dramatically the impact force (BM instead of 13uN of the Optimized-Tailored,
317uN of the Resistive and 34® of the Step-pulse), as shown in Fig. 79.
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100u (38.231u, 84 .14u) Hybrid pulse
— T ———
Z  50u (100U, 81.362u) \
0.0
(N) :(s)
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~  50u \
0.0
(N) :(s)
300u (18.702u, 317.08u) Resistive damped
S 200u (100u, 81.339u)
100u & \
00 (N) :(s)
400u -
aoou| F(15-916u,349.42u) Step pulse
= 2000 (150U, 81.344u)
= 100u | o
0.0
\ T T T T T
0.0 50u 100U 150U 200u 250u

t(s)

Fig. 79. Comparison of the contact forces

A comparison between the results implementing the Hifferent actuation pulses,

are shown concentrated in Table 24.

Table 24. Comparison of switching characteristiedar four different contol modes

Mode Impact | Impact Switching | Switching | Max. Bouncing
Velocity | Force |pull-down) | (release) | Displacement

Step Pulse 3lcm/s| 348 | 15.3is 13.218 3.59m - 2um

Optimized- 3.6cm/s | 138N | 17us 13.71s 0.11um - 0.09m

Tailored Pulse

Resistive 9.4cm/s | 314N | 18.2is 15.78s 3um - 2pum

damped

Hybrid 1l.4cm/s | 84N 1%s 16.57s 0.1&m - 0.18um
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4.9. Comparison of the actuation modes under

manufacturing uncertainties

Manufacturing tolerances are very difficult to avan real world applications. This
issue becomes worse in the nano-micro world, eajfpén MEMS manufacturing
and is one of the main reasons of malfunction [184jtil recently all studies are
referred on how to control an RF-MEMS under idaadtmonditions and only in 2009
Blecke et al [150], presented a learning algoritenmodify the actuation control in
order to face fabrication variability.

In this section, the “Hammerhead” switch is consede for fabrication and
operational tolerances under the two actuationrobmbodes which appear perfect
results in nominal conditions, the Optimized-Taddrand the Hybrid are investigated.
As fabrication tolerances, the thickness of thetiteawer with + 5%, the distance
between cantilever and electrode with £ 5% andelastic properties of cantilever’s
material (Au Young Modulus) in three levels 57TMBMP and 99MP are considered.
As operation tolerance a deviation of + 5% of thedcglated actuation voltage
amplitude is also considered.

For reliable results an out of series experimentleésigned based on Taguchi’s
orthogonal design O#8*, which includes four parameters with three levedgh,

developed in nine series as shown in Table 25

Table 25. The four parameters in three levels assign a OA3* (‘Hammerhead”)

nrows | Thickness fum) Height (um) Young modulus (MP) | Voltage (V)
1 5.7 2.75 78 57
2 5.7 3 57 60
3 5.7 3.15 99 63
4 6 2.75 57 63
5 6 3 99 57
6 6 3.15 78 60
7 6.3 2.75 99 60
8 6.3 3 78 63
9 6.3 3.15 57 57
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The results considered under these conditions decline switching time dt the

impact force (Fpac), the existence of bouncing, the contact force, rttagnitude of

cantilever’s swing during the release phase asasgdlhe state of the switch (failure or

not).

The results for the Optimized-Tailored actuatiofspuare illustrated in Table 26. In

cases 2 and 4 the switch has failed (the cantileskapsed to electrode). In all other

cases the switch is working but presents enouglatiew of the nominal values.

Table 26. Results under optimized tailored puld¢eaimn mode implementation

Cases ¢ Fimpact Bounce Fcontact Release Failure
(ns) (uN) (Y/N) (uN) | swing um) |  (Y/N)
1 16.4 125.3 N 51.1 +0.38 N
2 - - - - Y
3 24.7 1141 N 52.1 +0.88 N
4 - - - - - Y
5 28.3 181.9 N 37.2 +0.78 N
6 26.3 165.9 N 46.8 +1.1 N
7 23.7 82.8 N 45.2 +0.78 N
8 20.2 85.1 N 554 +0.91 N
9 27.2 200.4 N 41.6 +1.21 N

The results for the Hybrid actuation pulse, asgmted in Table 27, are shown a more

stable situation without any failure under all fedefined conditions, due to the

charge control that introduced through the biastas

Table 27. Results under “Hybrid” actuation mode lengentation

Cases & Fimpact Bounce Fcontact Release Failure
(ns) (uN) (Y/N) (uN) | swing um) |  (Y/N)

1 19.6 534 N 46.1 +0.35 N

2 17.8 131.1 Y 90.2 +0.22 N
3 251 58.7 N 51.3 +0.2 N
4 15.8 264.6 Y 105.3 +0.54 N
5 31.3 100.7 N 37 +0.2 N
6 27.9 83.4 N 46.4 +0.21 N
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22.3 52.1 N 45.1 +0.09 N
8 20.8 63.3 N 56.2 +0.25 N
9 29 81.7 N 44.6 +0.53 N

As an example of the superior performance underidyhode, Fig. 80 & 81 present
the contact force and displacement for the casesrevthe switch failed under
Optimized-Tailored control.

In case 2, the only change from the nominal coowl#iis the thickness of the
cantilever (5.4dm instead of pm). The results for this case under Hybrid mode are

almost perfect with an exception of one small beueharing the pull down phase.
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100u —_—
z i
50U+ (100, 90.209u)
0.0
(m) : (s)
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z (217 870, 220.73n)
£ -1u+
(17.88u, -2u) (268.72u, -200.34n)
_2u i
\ I I I I I
0.0 50u 100u 150u 200u 250u
i(s)

Fig. 80. Displacement and contact force figure®'6tase under Hybrid mode
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Fig. 81. Displacement and contact force figured"6tase under Hybrid mode

140



In case 4 the cantilever's height has been chafiged 3 um to 2.8um and the
actuation voltage from 60V to 63V, creating the starase of the whole experiment.
But even under these circumstances the switch udglerid mode has not failed as
shown in Fig. 81.

Concluding, the Hybrid actuation mode, which isoabination of the tailored pulse,
the resistive damping and Taguchi’'s optimizatiorthteques, offers excellent
switching response and remarkable robustness umdeufacturing and operation
tolerances and is superior over all the existirtgaton modes.

4.10. NEU Control under resistive damping

In a very stiff device like the NEU switch, the aation control under resistive
damping is the only solution. Due to the small shiing time as well as the high
actuation voltage, it is not practical to implementailored control pulse. i.e. time
intervals smaller thanys and pulses with slew-rate greater than 2(8\4re needed
in order to shape a tailored pulse for this swiththe switching time is about 1,24
when an actuation pulse with 83V is applied. Evdash and high voltage pulse can
be generated, there are other subjects like ovetisigothat can render problematic
for the control of the switch.

Another reason that make resistive damping coafpplopriate for this kind of switch
is that the time constant RC calculated for thd-golvn phase is near the period of
the mechanical resonance frequency, achieving feignt improvement in both
switching operation phases of the switch.

Concluding, control under resistive damping isahé practical solution for very fast
RF MEMS switches where the switching time and tlegiqn of the resonance
frequency are of the same order.

Actuating the NEU switch with a voltage pulse watimplitude of 83V and tr3is, the

correct Bias resistance is calculated as:
RbCel = tT‘ = 1ﬂm => Rb =~ 33M.Q

where: G=30fF, the capacitance which created within thetedele area.
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Fig. 82 illustrates the characteristics of the skitinder step pulse implementation
with resistive damping. The simulation results wigg=33MQ shows excellent
response of the switch during the pull-down phasthay presents elimination of the
bouncing and the initial impact force (the high ampvelocity has been reduced to
13.2 cm/sec from 65.9cm/sec), with only a smallréase in the switching time
(3.47uN from 2.3&N). During the release phase a significant reduacid the
amplitude of bouncing is observed, too (174nm f&sBnm).
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E (3.4742u, -380n)
-250n 4
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Fig. 82. Contact area and conductance of the bwitth Rs = 33MQ
The power and current requirements of the switctleurstep-pulse, as well as, the

effect of damping resistancesE33MQ on the actuation step-pulse source (Voltage,

current and power) are illustrated in Fig. 83.
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Fig. 83. Current and power consumption of the N#alitch

A comparison between step-pulse and step-pulse mgdlstive damping actuation
modes that have been used is illustrated in Figlt84 obvious that the control of the
switch under resistive damping excels that of tee-pulse in both OFF-ON and ON-

OFF transitions with only a slight increase of satching times.
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Fig. 84. Comparison between step pulse and residamping actuation modes
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In Fig. 85 a more detailed view of the pull-dowrapé displacement of the cantilever

between step pulse and resistive damped pulse nmepl@tion is shown.

(m) : H(s)
Step pulse

100n
0.0+
Resistive damped

-100n -

-200n -

(m)

-300n -

-400n 1 A LA A

-500n -
0.0 4u 8u

Fig. 85. Comparison between different actuatioml@soduring the pull-down phase

The switching operation of the NEU switch is coesetl next under fabrication and
operational tolerances. The control mode for tl{geeiment is the resistive damping
which presents perfect results under nominal caditfor this kind of switch. The
experiment is held under the same conditions aBlammerhead switch and the
values of the parameters in the different levedsstiown in Table 28

Table 28. The four parameters in three levels assign a OA3* (“NEU”)

nrows | Thickness fum) Height (um) Young modulus (MP) | Voltage (V)
1 5.7 360 78 79
2 5.7 380 57 83
3 5.7 400 99 87
4 6 360 57 87
5 6 380 99 79
6 6 400 78 83
7 6.3 360 99 83
8 6.3 380 78 87
9 6.3 400 57 79

144



The results of the experiment are illustrated ibl&&9. In cases 5 and 7 the switch
has failed but in most of the other cases the swigcworking rather well without

appearing large deviations of the nominal values.

Table 29. Results under resistive damping actuatiode implementation

Cases by Fimpact Bounce Feontact Release Failure
(ns) (uN) (Y/N) (uN) | swing um) |  (Y/N)

1 3.08 109.2 Y 105.4 +0.164
2 3.06 120.3 Y 114.3 +0.177 N
3 8.18 49 N 49 +0.154 N
4 3.05 137.3 Y 135.6 +0.158 N
5 - - - - - Y
6 8.2 45.4 N 45.4 +0.163 N
7 - - - - - Y
8 6.79 59.1 N 59.1 +0.148 N
9 6.29 51.9 N 51,9 +0.177

The switch has failed in cases 5 and 7 for a differreason than this of the
Hammerhead switch as shown in Fig. 86 & 87. In daske increase of the Young
modulus (99MP instead of 57MP) and the reductionhef actuation voltage (79V
instead of 83), do not allow the cantilever to bebugh (-196nm instead of -
380nm). Under these conditions the switch behakesah actuator due to the charge

control.

(m) : 1(s)
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-100n
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-200n 4

Fig. 86. The failure case 5 of the switch
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In case 7 the increase of the thicknessp{®.3nstead of @m) compensates the

reduction of the height (360nm instead of 380nmj aa the other two parameters
(Young modulus and voltage) remains the same a&ase 5, the cantilever does not
bend enough (-232nm instead of -360nm) to closewhteh.

(m) : t(s)

Displacement
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Fig. 87. The failure case 7 of the switch

4.11.Control under high pressure gas damping

Another way to control the ohmic RF MEMS switches the damping of the
cantilever movement by increasing the pressuré®fgas introduced by Brown [54]
and Guo et al [108].

High pressure results in increased viscosity, damforce, and spring force. With the
increase in damping force the switching time igeased, but bouncing and settling
times are decreased. This behavior is becauseglatambient pressure, the squeeze
film acts more like an incompressible layer rattiean a compressible one. The
increase in pressure also affects the cleanlinésheocontact surfaces as at high
pressures, contaminant films are formed at theckwidontacts and increase the
contact resistance [54]. It has to be mentionettttemethod of using high pressure
to increase damping force on RF MEMS switches deoto control them, presents a
lot of difficulties and it is not a practical salom for real life applications [108].
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4.1. Summary

In this chapter six possible ways to control theuaton of ohmic RF-MEMS
switches have been presented and implemented,dhtieem for first time.

Apart from three well known control modes, gas damgpstep pulse and tailored
pulse, a novel open loop control procedure baseBaguichi’s statistical optimization
technique has been presented to improve the operatid, therefore the reliability
and longevity of an ohmic RF-MEMS switch. The neechnique allows exact
calculation of the time intervals and voltage mages of the actuation pulse train,
achieving superior switching characteristics.

Following that, an improvement on the existing noetlof resistive damping (charge
control) has been presented, allowing the exacutation of the Bias resistor in order
to reduce the impact force hence during the pultdphase and the bouncing swing
during the release phase.

Finally, another new technique, the Hybrid contradde, has been presented. This
new open loop technique is based on the combinatibrthe two previously
mentioned methods (Taguchi’s optimized tailoredspudnd resistive damping). The
simulation process, has been carried out in théifect module of Coventorwdte
and presents true ‘soft landing’ with very low ingp&orce eliminating any bouncing
phenomena during the pull-down phase. Meanwhil@immzation of the bouncing
during the release phase achieved, keeping the BIN<Witching times comparable
with those of the step actuation pulse. Moreover ltybrid control mode ensures

among the others immunity to manufacturing and afo@n uncertainties.
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5. Application of RF-MEMS in

reconfigurable antennas

5.1. Introduction

A reconfigurable antenna consists of antenna ele&sneapable of individually
reconfiguring their physical structure altering thpolarization and frequency
properties of the antenna. Nevertheless, reconfiguone characteristic of the
antenna affects the rest, i.e. frequency respoesenfiguration results to pattern
radiation and vice versa. This linkage is one of faArgest challenges in the
development of reconfigurable antennas [28].

The design diversity of reconfigurable antennasuireg variable-geometry
configurations, which should be precisely contNea high quality switches. There
are three types of switches that could be usednfaitiple element reconfigurable
antenna implementations. These are GaAs FEihsDiodes, anilRF MEMS.

GaAs FETs switches suffers from low linearity amdrebt have sufficient isolation to
minimize cross-interference and signal jamming fradjacent channels. Using a
couple of these switches for reconfiguration ofaartenna is acceptable, but when
they are used in large quantities the degradatioth@ antenna characteristics is
dramatic.

Pin diodes, on the other hand, offer good switchth@racteristics (inherent low
insertion loss and high isolation), but they neecbasiderable amount of power to
operate which reduces battery life time. Besideanyrbias problems are generated
when a large number of switches have to be usesseltwo disadvantages make pin-
diodes inappropriate for portable complex reconfiple antenna implementations.
Finally, RF MEMS switches are the most elegant tsmhu for reconfigurable
antennas. They offer superior RF characteristgmdtion and insertion loss) and thus
they can get integrated in large quantities witthi@ antenna structure. Additionally,
they can be controlled using high resistance hbiees Ithrough a third port (actuating
pad), thus the bias network of RF MEMS switches lmamxtensive in large antennas

arrays without causing any interference and degi@uddo the antenna radiation
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patterns. The bias network also consumes verg [ibwer, an important aspect when
large numbers of switches are used, especiallyrfobile or satellite applications.
Their small size and their ability to get integcataonolithically within the antennas
elements on high efficiency microwave laminates?[1$153], make the RF-MEMS
switches the ideal solution for reconfigurable antes structures. Aiming this target a
new, simple, reliable and controllable RF-MEMS sWwithas been designed and
presented in Chapter 3.

Due to the multi scale nature of reconfigurableeanas, the numerical modelling
poses serious computational challenges. Taguctaitstical optimization technique,
which has been presented in detail in Chapter #, lrandle multidimensional,
discontinuous and nondifferentiable objective fiored with many potential local
maxima while converges rapidly to the optimum reduévertheless, if the searching
area is defined to be larger than £20% of the e¢éestimated values; its performance
is poor compared to the modern stochastic evolatypmethods like Particle swarm
optimization (PSO). This occurs because the usagludhi’'s optimization method is
not capable of efficiently checking adjacent ar@asthe optimization process tends to
converge constantly and the values of the parasdtenot have the ability to restore
their initial values. Aiming to solve this ineffemcy, a variation of Taguchi’'s method
(Grid-Taguchi) capable of searching efficiently asgstematically wide areas is
presented and compared with existing methods thrauglesign of a Pattern and

Frequency reconfigurable Yagi-Uda antenna.

5.2. Design and optimization of a Pattern and

Frequency reconfigurable Yagi-Uda antenna

A switchable printed 3-elements Yagi-Uda antennatqtype with frequency and
radiation pattern reconfiguration is considered tlis study. Reconfigurable Yagi-
Uda configurations have been presented in the wilstFrequency [154] or Pattern
[155] reconfigurability A Pattern and Frequency reconfigurable Yagi-Uda desg
presented here for the first time. The proposedmnigurable configuration is 8
discrete antennas combined using RF-MEMS switcAssa result, this antenna can

offers Gain > 6dB in two different frequencies@Hz and 2.7GHz, also having the
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ability to be steered in four discrete directioawards desired signals or away from
interfering signals.

In the design of a printed 3-elements Yagi-Uda ramae the most important design
parameters are: the characteristics of the lamif@atnd thickness) which determines
the guided wavelengthy, the lengths of the elements, the width of thenelats as
well as the spacing between the elements. Heneeinthial center dimensions for
each parameter can be defined as shown below:

The free air wavelength at 2.4GHz jis = 125mm. The substrate chosen for the
antenna implementation is the microwave laminatédRbid® 5880 from Rogers
with ¢ = 2.2, taid = 0.0009 and thickness of 1.575mm and the guida¢eigngth is
given by [156]:

er+1 er—1

A
A, = ® _ =94mm 68
9 Jferern (68)

The initial center values are calculated as:

Dipole length 2.y/2 = 47mm

Director length= 0.4%; = 42.3mm

Reflector length= 0.9% = 51.7mm

Distance between the elementstp=Ay/4 = 23.5mm
Width of the elements = 1.5mm

moow?>

The 3 elements Yagi-Uda antenna is shown in Fig. 88
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Fig. 88. The 3 element Yagi-Uda antenna

In this chapter, Taguchi’'s methods, as well as, RS€@hod for comparison and
validation will be used to optimize the geometrichinensions of the Yagi-Uda
antenna, so as to simultaneously achieve good mgtapain and good front-to-back
ratio of the pattern in the operating frequencygean

The objective of optimization is the minimizatioha Fitness Function (FF). The FF
is suitably determined according to the above dar and the goals that have to be

achieved are:

e Good input matching11 < —20dB
e Gain > 6dB
e Front to back Gain Rati@F/B) 5 > 15dB

In order to combine the eight antennas togethesthan two conditions have to be
taken into account.

e The distance between the elements is equalizeth
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e The length of the Reflector has to be smaller tiendouble of the Distance
between elements plus the width of one elementrderoto avoid crossing

between them.
Thus a weighted and scalable FF has been develdgethe form:
FF = Term11) + Termpy + Termg gy + Termp,

With the following conditions:

if |S11p)| <15 then Terms ;) = 500(15 — |S11(4p)| ) + 4000
if |S11(ap)| > 15 and |S11(4s)| < 30 then Term(s;yy = 250(30 — [S11gp)| )

if |S11(4p)| > 30 then Term(sy) =0
Termry = 1000(8 — Grapy)  if Grap) > 8 them Termgp) =0
Termp gy = 300020 — (F/B)4g) if(F/B)ag > 20 then Termg g =0

Termpy = 500 if[(2xDistance) + Width] < Reflector then Termg), =0
And in Log10 form: FF oy = 20LogFF

The weight-factors (1000, 500, 300, 250), the $ampers (30, 20, 8), as well as, the
scalable response of the Tesim) are used to balance the different targets withen t
FF, in order to achieve the optimum results fortlad targets, averting the possibility

of domination to one over the others.
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5.3. Grid-Taguchi optimization technique

A solution to the previously mentioned inefficienty given by an evolution of
Taguchi’s technique, which is presented for firstet in this Thesis and named as
“Grid-Taguchi” technique. The main idea was to extethe searching area not
randomly, but based on the exceptional properfi¢iseoOrthogonal Arrays.

The optimization procedure begins with the probleonsideration, which includes
among the others the searching area of each pamaniétis area is defined as a
percentage deviation around the initial estimattter values of each parameter and
determines the initial levels;. If these levels are greater than + 20% then tws O
in a master/slave configuration are needed to #pditabove levels in order to have
more accurate results in a wider search area.

The initial levels of the master OA are assignedhi@ 2/3 of the initial deviation
around the central parameter value and the magtgn®) is created.

The slave Of(m") is defined next with the same number of paramseted levels as
the master but not necessarily with the same nurobeows, depending on the
complexity of the problem. As central values oflfeparameter are defined the level
values of each row of the master OA, so that asynstave OAs as the number of
rows of the master OA to be created. The initigkle of each slave OA parameters
are assigned in the 1/3 of the initial deviationtiWhis method the searching area is
defined as the sum of the deviations of the two O#&hould be noted that the master
OA defines only the central values of the paransesed the optimization procedure
through Taguchi’s technique is executed by thees@as.

The procedure is completed running the slave OAggufie Taguchi’'s Optimization
technique, as described in Chapter 4, and cho@srigpal result the best matching to
the FF among them (for a detailed example abouwt-Gaiguchi technique see Apentix
A.3).

With this novel technique wider areas around themaded initial central values of
the parameters are searched, sacrificing some datignal time. The obvious profit
by using the Grid Taguchi technique is the methadiarching of the entire, under

consideration, area in the shortest possible time.
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5.3.1.Grid-Taguchi optimization solution

Considering a = 40% deviation from the center valder an extensive search of the

examined area, the initial levels can be createdhawn in Table 30.

Table 30. Initial levels (Central+40%)

1° 2" 3¢
A Dipole length 28.2mm 47mm 65.8mm
B Director length 25.38mm | 42.3mm| 59.22mm
C Reflector length | 31.02mm | 51.7mm| 72.38mn
D Distance 14.1mm 23.5mm| 32.9mm
F Width 0.9mm 1.5mm 2.1mm

For a realistic approach in the antenna designrebelution for all dimensions is set
to lum. For an OA with 5 parameters of 3 levels for epalameter a configuration
with at leastn,,,s =1+ (k-DOE,) =1+ (5-2) = 11rows is needed. Taguchi

suggests two solutions:

o the OA4(3’, 2) that can handle up to 7 parameters with 3lsesach and one
with 2 levels in an array of 18 rows.
e the OA«3") that can handle up to 13 parameters with 3 legath in an

array of 27 rows.

Since achieving four discrete targets simultango(gbod matching, gain, F/B ratio
and suitable spacing) is a very complex task, & decided to employ a larger OA to
increase the possible combinations. Thus, the skesolution appears more promising
as it has 50% more rows for each OA and offers drigtonfidence level at the
expense of some extra computation. For this caselinns of the O&(3") have

been chosen to assign the five parameters in 3heivels, thus an OA(3°) has been

created, as shown in Table 31. According to theptexity of the design a reducing
percentage of RP=0.1 has been assigned. The prect#iminates when the LD is

below Jum (minimum resolution).
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Table 31. OA(3)

n rows B C
1 1 1
2 2 2
3 3 3
4 2 3
5 3 1
6 1 2
7 3 2
8 1 3
9 2 1
10 3 1
11 1 2
12 2 3
13 1 3
14 2 1
15 3 2
16 2 2
17 3 3
18 1 1
19 2 1
20 3 2
21 1 3
22 3 3
23 1 1
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24 3 2 2 1 3

25 2 1 2 1 3
26 3 2 3 2 1
27 1 3 1 3 2

The same OA configuration is selected for slave 2(@,5(35)) with the same number
of parameter levels and rows which will be repedtadN = 27 times. The initials
levels of each slave OA parameters are assignéleirl/3 of the initial deviation
around the central values which are defined froeheaw of the master OA. Next
Taguchi’s technique is executed via the slave GAsanjunction with FEK® full
wave electromagnetic solver.

FEKO® is a software suite built for the analysis of alevrange of electromagnetic
problems. Applications include EMC analysis, antem®sign, microstrip antennas
and circuits, dielectric media, scattering analysis.

Taking into account the above considerations inlioation with FEKS simulation
results, the Grid-Taguchi's optimization algorithfor the Yagi-Uda antenna is
implemented in C++. Using C++ code allows altering antenna's parameters since
all parameters can be entered in a text formagahg@rocessed by the program.

5.4. Single Taguchi optimization applying 3 levels

and 5 levels solutions

For comparison reasons as well as in order to pifeeefficiency of the Grid-Taguchi
method, the same case, the 3-elements Yagi-Udanrenteés considered for
optimization under the normal Taguchi’'s techniqamg 3levels and 5levels OA.

For a 3 levels Taguchi design, the same OA cordigum OA-3° of Table 36 is
selected. The initials levels of each parameteraasigned in the £ 20% around the

central values as shown in Table 32.
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Table 32. Initial levels (Central+20%)

1° 2" 3¢
Dipole 37.6mm 47mm 56.4mm
Director 33.8mm | 42.3mm| 50.8mm
Reflector |41.4mm | 51.7mm| 62mm
Distance 18.8mm | 23.5mm| 28.2mm
Width 1.2mm 1.5mm 1.8mm

For a wider search area a 5 levels Taguchi desigonsidered. Taguchi suggests for
this purpose the OA5° which consists of 6 columns (parameters) in 5l&veach
one developed in 25 rows (experiments). For thei-Yaig antenna case, 5 columns
of the OA5(5°) have been chosen to assign the five parametéhein5 levels, thus

an OAx(5°) has been created, as shown in Table 33

Table 33. OAg(5°)

n rows

C
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18 4 3 1 4 2
19 4 4 2 5 3
20 4 5 3 1 4
21 5 1 5 4 3
22 5 2 1 5 4
23 5 3 2 1 5
24 5 4 3 2 1
25 5 5 4 3 2

The initial levels of each parameter are assigmethé + 40% around the central

values in 5 levels with £ 20% step as shown in @&l

Table 34. OA levels (Central+40% with £20% step)

1° 2! 3" 4° 5"
Dipole 28.2mm 37.6mm 47mm 56.4mm 65.2mm
Director 25.38mm | 33.8mm 42.3mm  50.8mm 59.22mm
Reflector |31.02mm | 41.4mm | 51.7mm 62mm 72.38mm
Distance 14.1mm 18.8mm 23.5mm  28.2mm 32.9mm
Width 0.9mm 1.2mm 1.5mm 1.8mm 2.1mm

Next Taguchi’s technique is executed under the semeand reduced percentage of

RP = 0.1 in conjunction with FEKD

5.5. Comparison between Taguchi optimization

modes

The optimized results of the 3-elements 2.4GHz Ydgm antenna, obtained under
the three different Taguchi optimization modes, sttewn in Table 35. The results
show that Grid-Taguchi technique excels towards dtieer two, since almost all

targets have been met, due to its ability to thghtyisearch over a wider area when

multiple targets are required to be achieved.
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Table 35. Comparison between Taguchi optimizatioules

5-levels 3-levels Grid
Fitness Function (dB 71.17 70.68 70.16
S11 (dB) -30.07 -30.16 -30.28
Forward Gain (dB) 6.9 6.3 6.5
Back Gain (dB) -4.5 -7 -8
F/B ratio 114 13.3 14.5

A graphical comparison between the three Taguchimigation methods (for Grid-
Taguchi the best run is considered) of the 3-elésn2GHz Yagi-Uda antenna, is

shown in Fig. 89
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Fig. 89. Optimization graphs of Taguchi’'s methods
It has to be mentioned that Grid-Taguchi technigeeds more computational time to

get completed and hence, can only be compared uhdesame conditions (same

number of experiments) with other optimization noeth such as PSO.
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5.6. PSO optimization technique

In 1995, Kennedy and Eberhart first introduced pagticle swarm optimization
(PSO)technique [157]PSO is a stochastic optimization technique andrgsldo the
evolutionary computation techniques. The method bbeen proved to be robust in
solving problems featuring nonlinearity and norfeténtiability, multiple optima,
and high dimensionality through adaptation. The R&Dnique can generate a high-
guality solution within shorter calculation timedastable convergence characteristic
than other stochastic methods [158]. The techniguelerived from the social-
psychological theory and utilizes the research wars such as fish schooling and
bird flocking. According to the research resultsddlock of birds, birds find food by
flocking (not individually). The observation leads the assumption that all
information is shared inside the swarm. Moreoveargoading to observation of
behavior of human groups, the behavior of eachviddal (agent) is also based on
behavior patterns authorized by the groups, sucltussoms and other behavior
patterns, according to the experiences by eackidhdil.

In the PSO algorithm, for a d-variable optimizatgnoblem, a swarm of particles are
put into the d-dimensional search space with ralgahopsen velocities and positions
knowing their best values so fgobes} and the position in the d-dimensional space.
The velocity of each particle, adjusted accordmgd own flying experience and the
other patrticle’s flying experience.

For example, thé™ particle is represented as = (x;1,%; 2, - -, X;m) In the d-
dimensional space. The best previous position efithparticle is recorded and

represented as:
Pbest; = (Pbestijl,Pbestijz, ...... ,Pbesti,m)

The index of best particle among all of the paescin the group igbest. The

velocity for particld, is represented as:

v = (vi,]J vi,Z) ...... ) Ui,m)
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The modified velocity and position of each particn be calculated [159] using the
current velocity and the distance from phgdb gbest as shown in the following

formulas:

p D wvi(t) + clrand()(pbesti‘m — x(t)) + czRand()(gbestm — x(t)) (69)

im m im im

X = Xy + Vi (70)
i=1,2,....,n

m=1,2,....,d

where

n Number of particles in the group;

d Number of members in a particle;

t Pointer of iterations(generations);

”1(21 Velocity of particle i at iteration t, V™" < vf?l < Ve,

w Inertia weight factor;

C1,C Acceleration constant;

rand(), Rand() Random number between 0 and 1;

x® Current position of particle i at iteration t;

im
pbest Best previous position of the particle I;
gbest Best particle among all the particles ingbpulation.

In the above procedures, the parame¥ef* determined the regions searching
resolution, or fitness, between the present pasidiod the target position. If that is
too high, particles might fly past good solutiolisv™®is too small, particles may not
explore sufficiently beyond local solutions. In igarasesV™ was often set to 10—
20% of the dynamic range of the variable on eaotedsion [160].

The constants;cand ¢ represent the weighting factors of the stochastaeleration
which pull each particle towargestandgbestpositions. Low values allow particles
to roam far from the target regions before beirggad back. On the other hand, high

values result in abrupt movement toward, or paatget regions. Hence, the

161



acceleration constants andc; are often set to be 2.0 according to past expezgen
Suitable selection of inertia weight w provides aaince between global and local
explorations, thus requiring less iteration on agerto find a sufficiently optimal
solution. As originally developedy often decreases linearly from about 0.9 to 0.4
during a run. In general, the inertia weighitis set according to the following

equation:

Wmax—Wmin
itermax

W= Wpax — - iter (71)

where itermax iIs the maximum number of iterations (generatiomrsid iter is the

current number of iterations.

5.6.1.PSO solution

For comparison reasons the same antenna with the sharacteristics (Frequency,
substrate), searching area and number of expesmamder the same FF will be
optimized via PSO technique.

Applying PSO some default values have to be consiguch as:

e S=the population of particles (swarm) consisted ®ifparticles. Each particle
contains values of five parameted ¢(he values of Dipole length, Director
length, Reflector length, the Distance betweendleenents and the Width of
the elements. That means that the search spacdivieasimensions and
particles must ‘fly’ in a five dimensional space.

e K=the maximum number of particles that can be mied by a given one is
set to 3.

e B=the solution space was bordered by absorbingswtie borders allowed
each parameter to vary 40% of the center valuesiéasribed in Table 30)
from both sides.

e w=the inertia weight factor is varyied between arfl 0.4, depending on the
number of executed iterations as described in Ep. (

e c=the acceleration constants are setG =2

e R=the random distribution of c is varyied betweesnd 1.
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e T=randomly modified factor which modifies the pgasi of the particles after

each step if no improvement has been achieved

Finally the algorithm was executed for fair compan for 27 runs with 675 iterations

each. The optimization process involves the follaysteps:

1. Initialize a population of particles (swarm) witlandom positions and
velocities ind-dimensions in the problem space.

2. Run FEKO and evaluate the desired optimizationdffe&ch particle.

3. Using FEKO results, update the patrticles veloditye velocity of the particles
is changed according to the relative locationspbést andgbest. It is
accelerated in the directions of these locationgreétest fithess according to
the Eq. (69). If there is not improvement compaiethe previougpbest and
gbest is modified randomly.

4. Move the particle. Once the velocity has been datexd, it is simple to move
the particle to its next location. The new coortins computed for each of
the dimensions according the Eq. (70).

5. Jump to step two and repeat the procedure of ¢ and 4 until the
maximum number of iterations (675) is reached.

6. Loop back to step 1 and repeat the steps 1 toibthetmaximum number of
runs is reached.

Fig. 90 shows the flow chart that describes gragllyiche above PSO optimization

procedure.
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Fig. 90. The flow chart of the PSO 3 element Ydda antenna
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5.7. Comparison between Grid-Taguchi and PSO

The best values of all the 27 runs (consisted &f iGarations each) of Grid-Taguchi

and PSO optimization procedures are presentedbte 36. The comparison between

them shows that Grid-Taguchi’s best value conveilgser to the target (k&) =
70.168dB (3224) < Rpsoj=70.631dB (3600).

Table 36. Comparison between Grid taguchi and RSQlts

Runs Grid-Taguchi FF (dB) PSO FF (dB)
1 73.994 70.681
2 70.658 71.972
3 70.747 74.508
4 70.537 71.367
5 79.492 74.488
6 71.3 71.692
7 70.537 71.648
8 71.118 72.239
9 80.527 71.539

10 71.389 72.972
11 71.117 72.271
12 74.274 71.916
13 70.168 71.834
14 70.847 73.362
15 73.568 73.406
16 72.6 73.291
17 74.09 70.883
18 72.079 73.975
19 70.426 72.206
20 70.653 71.784
21 73.805 72.019
22 73.987 73.132
23 70.22 72.189
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24 70.993 74.541
25 71.669 72.433
26 72.835 71.954
27 71.383 73.35

In Fig. 91 a graphical comparison between the balstes which are obtained under
Grid-Taguchi and PSO for the 3-elements 2.4GHz-Vata antenna is shown. It can
be concluded that a systematic search (Grid- Tapeein have better results than a
random one (PSO) in a wide area, when multiple etargare considered

simultaneously.
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Fig. 91. Comparison between Grid-Taguchi and PB®@nization techniques

The best values of the optimized parameters unde-Taguchi technique for the
2.4GHz 3-element Yagi-Uda antenna as well as timlaied results are shown in
Table 37.

166



Table 37. Results of the 2.4GHz Yagi-Uda antenrad(@Gaguchi optimization)

Dipole 49.264mm S11 -30.28dB
Director 40.734mm Forward Gain 6.5dB
Reflector 53.748mm Back Gain -8dB
Distance between elements 28.065mm F/B ratio 14.5dB
Width of the elements 1.818mm

5.8. Taguchi optimization solution for 2.7GHz

After the above optimization process for the maimeahsions of the Yagi-Uda
antenna, the next step is to make this specifierara frequency reconfigurable. For
this reason, two of the previous optimized paramatmain stable (distance between
the elements and width) and the lengths of the eldsnmust be determined.

Based on the previously optimized values and u§ieguency scaling, the initial
central values of the elements for the frequenc®.6GHz are calculated. The initial
levels of the master OA are assigned within £20%iad®n around the central
parameter values as shown in Table 38. It has tedieed that this process is
necessary as the other two parameters of the anteave not been scaled.
Furthermore after the end of the optimization psscan evaluation of the results has
to take place in order to ensure that the recordigle antenna is realizable. For
example the gap for the switches is set to Immitla@eninimum length of every part
of the reconfigurable antenna could not be smétfi@n 2mm.

Table 38. OA levels (Central£20%)

lSi 2”0 3rd
Dipole 35.1mm | 43.8mm| 52.5mm
Director 29mm 36.2mm | 43.4mm
Reflector 38.1mm 47.7mm| 57.2mm

For an OA with 3 parameters of 3 levels, for eaalameter a configuration with at
leastn,,ns =1+ (k-DOE,;,) =1+ (3-2) = 6rows is needed. Taguchi suggests

the OAy(3%) that can handle up to 4 parameters with 3 legalsh in an array of 9
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rows. For this case 3 columns of the 48%) have been chosen to assign the three

parameters in their 3 levels, thus and(8) has been created, as shown in Table 39.

Table 39. OA(3)

n rows A B
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The optimization procedure graph shown in Fig. 8sents the curves of mean and
optimum values of FF for the 3-elements 2.7GHz Yaga antenna, as they

converged through Taguchi process after 25X9=22gm@xents.
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Fig. 92. The optimization process for the 2.7Ghzana
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Table 40 presents the dimensions of the optimizadhrpeters under Taguchi’'s

technique for the 2.7GHz Yagi-Uda antenna as vgetha simulated results.

Table 40. Results of the 2.7GHz Yagi-Uda antenra(thi optimization)

Dipole 42.994mm S11 -31dB
Director 34.916mm Forward Gain 6.3dB
Reflector 46.724mm Back Gain -6.37dB
Distance between elements 28.065mm F/B ratio 12.67dB
Width of the elements 1.818mm

5.9. Pattern and frequency reconfigurable Yagi-

Uda antenna implementation

Pattern reconfigurability of the Yagi-Uda antenrze de achieved in two directions
by varying the length of the two external elemenising switches and alternating
their operation between Director and Reflectortasa in Fig. 93(a)The Frequency

reconfigurability from 2.4GHz to 2.7GHz of the Yddda antenna can be achieved

subtracting pieces out of all elements using sweciis shown in Fig.93(b).
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Fig. 93. Pattern and Frequency 3 elements Yagidid@nna configurations
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Finally, a combination of the two above configuras using the optimum values of
the parameters, which have been adapted and optmizrough Grid-Taguchi

technique to give a Frequency (2.4GHz and 2.7GHm] Rattern (4 discrete
directions) reconfigurable 3-elements Yagi-Uda ang& as presented in Fig. 94.
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Fig. 94. The frequency and pattern reconfigur@oééements Yagi-Uda antenna
This configuration is comprised of 8 discrete antmhand the transition from one to
the other is realized via RF-MEMS switches. Tahlepdesents the state of the 32

switches for each one of the eight different maafetie antenna operations

Table 41. The state of the switches for the eigfférgént antenna configurations

ala| 2.4GHz | 2.4GHz | 2.4GHz| 2.4GHz | 2.7GHz | 2.7GHz | 2.7GHz | 2.7GHz
North East South | West North East South | West
1 OFF OFF ON OFF OFF OFF OFF OFF
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5
6
7
8
9

10 | OFF
11 | OFF
12 | OFF
13 | OFF
14 | OFF
15 | ON
16 | ON
17 | ON
18 | ON
19 | OFF
20 | OFF
21 | OFF
22 | OFF
23 | OFF
24 | OFF
25 | OFF
26 | OFF
27 | ON
28 | ON
29 |ON
30 |ON
31 |ON
32 |ON
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The shape, the mesh and the current distributiaa) diie 2.4GHz and b) the 2.7GHz
printed reconfigurable Yagi-Uda antenna, are shiowkig. 95 a & b

a) b)
Fig. 95. The current distribution at a) 2.4GHz @)@.7GHz

The co-polarization and cross-polarization E-plaavel H-plane patterns of the
reconfigurable multi antenna, in one direction 204 and 2.7GHz, are shown in Fig.
96 (a) & (b). The simulated front-to-back raticais good as 12.67dB for the 2.4GHz
and 10.8dB for the 2.7GHz antenna, which is in ereptable level for a 3-element
Yagi-Uda antenna with only one director. The crpskrization of the antenna is
more than 8dB below the co-polarization at the iedfirection for both frequencies.

The simulated gain of the antenna is 6.4dB andB.ta the 2.4 and 2.7GHz,

respectively.
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multiple antenna
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(b)
Fig. 96. Co-pol. and Cross-pol. E-plane and H-plpatterns for 2.4 and 2.7GHz
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In order to investigate the effect of the rest led £lements that consist the multi-
reconfigurable antenna as well as for comparis@saes, the co-polarization and
cross-polarization E-plane and H-plane patternghef single antenna at 2.4 and
2.7GHz are illustrated in Fig. 97 (a) & (b). Theimdifference observed, compared
to the multi antenna configuration, is in the fréodback ratio, which is around
14.5dB for 2.4GHz and 12.5dB for 2.7GHz antenna @&ffect of the other elements
is a degradation of about 1.5dB from the back gaid about 0.2 dB from the front

gain of the antenna.

single antenna
—2.4GHz E-plane Cross-pol
—2.4GHz E-plane Co-pol
-==2.7GHz E-plane Cross-pol g
-=-2.7GHz E-plane Co-pol 12 IJ

300

(@)

174



single antenna
—2.4GHz H-plane Cross-pol
—2.4GHz H-plane Co-pol
---27GHz H-plane Cross-pol 90
-=-2.7GHz H-plane Co-pol 2 (= s N B0

(b)
Fig. 97. Co-pol. and Cross-pol. E-plane and H-plpatterns for 2.4 and 2.7GHz for
the multi antenna configuration

The reconfigurability of the multi Yagi-Uda antenres concerns to the E-plane Co-

polarization patterns, in four discrete directiaoss|lustrated in Fig. 98
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E-plane Co-pol patterns

—— 24GHz
——= 2.7GHz

180

2710

Fig. 98. Pattern reconfigurability of the multi ¢ieUda antenna

Fig. 99 shows the simulated Return Loss resultshfiemulti and for the single Yagi-
Uda antennas. For the multi antenna the S11 vausraund 27dB with a 10dB
impedance BW around 230MHz at 2.4GHz and 40dB 2&6 MHz BW at 2.7GHz
respectively. For the single Yagi-Uda antenna cpmfition the S11 values are
30.3dB with 240MHz BW at 2.4GHz and 31dB with 300KMBW at 2.7GHz.

The comparison between them indicates small diffs¥e as the values are
maintained in acceptable levels for the multi anterA small insignificant shift of the

resonance frequencies of the multi antenna is vbdetoo.
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S-parameters

= oy =
\ > el
N / \\ - Eak
-15 .
\_// | A
A 'z
-210 Y

pomm 0 L
= \\ / v
. ) H
= -28 e
o il
W
-30 [
o I‘ l
——2 4GHz single antenna ,\"
=35 —2.4GHz multiple antenna ‘l t
---2.7GHz single antenna Y
-40 ——-2.7GHz multiple antenna
-45
2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.8 3.0

Freguency [GHz]

Fig. 99. S11 graphs for multi and single Yagi-léenna at 2.4 and 2.7Ghz

The simulated total Gain graphs for the multi amgjle Yagi-Uda antennas, in the
frequency range between 2 and 3GHz are illustratdelg 100. The results show a
small degradation around 0.2dB for the multi anéebat they are still over 6dB for
all the effective BW area at 2.4 and 2.7GHz.

Gain

-
[
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Gain [dB]
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z i 5% —2.4GHz multiple antenna
| Lzt i ---2.7GHz single antenna \\
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Freguency [GHz]
Fig. 100. Gain graphs for multi and single Yagidlahtenna at 2.4 and 2.7GHz
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Finally the simulation results of the multi recapfrable antenna as well as the results

of the single antennas are illustrated in Table 42.

Table 42. Comparison between the single and nadbmfigurable antenna results

Single antenna Multi antenna
2.4GHz 2.7GHz 2.4GHz 2.7GHz
S11 -30.3dB -31dB -27.8dB -40dB
Gain (F) 6.5dB 6.3dB 6.4dB 6.2dB
Gain (B) -8dB -6.4dB -6dB 4.5dB
F/B ratio 14.5dB 12.7dB 12.4dB 10.7dB
BW(-10dB) 240MHz 300MHz 230MHz 280MHz

5.10.Summary

This chapter presented the benefits of the use BMEMS switches in complex
reconfigurable antennas when large quantities cf switches are required.

A novel Pattern (four discrete directions) and kegpy (2.4GHZ and 2.7GHz)
reconfigurable printed 3-elements Yagi-Uda anteinmalementation, which requires
32 switches, has been considered for this purpdse specifications for this antenna
involved good matching and gain, as well as, high Ftio in all directions and
frequencies. As this antenna design was very caatpld to be designed using
numerical means alone, an optimizer was necessdufitl all the specifications.
Following that, a novel Grid-Taguchi technique whis an evolution of the Taguchi
statistical optimization method has been preserifbad technique presents a wider
searching area for the parameters, solving the rdsadvantage of the Taguchi
method against the stochastic optimization methi&dsPSO. Additionally, the Grid-
Taguchi method, searches more systematically ane efficiently in all the search
area making use of the exceptional properties®fQA. On the other hand PSO uses
random initialization of the parameters within gearching area for each generation.
Utilizing this method, complicated optimization ¢g@a&uch as matching, high Gain,
and high F/B ratio have been accomplished and igdrithrough simulations
(FEKO®). Besides, in order to validate the new methog& #mtenna has been

optimized under normal Taguchi optimization wittald 5 levels, as well as, under

178



PSO using the same conditions. The optimizatiorcgmare confirmed that Grid-

Taguchi is capable of achieving better results camegh to normal Taguchi and PSO
under the same conditions. Finally, using the ojptith parameter values, the 8-mode
Pattern and Frequency reconfigurable antenna has besigned and simulated

achieving exceptional results.
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6. Chapter 7: Conclusions and Future work

6.1. Overview

In the demanding world of modern telecommunicat®ystems reconfigurable
antennas play a vital role. Pattern and frequercynfigurable antennas are very
complex electromagnetic structures and their ramhaproperties depend on the
relationship between their structure i.e. lengtrarabteristics, and the radiation
frequency. Thus, in order to increase flexibilitydabroaden the antenna application
areas, RF switches are used allowing them to remmef their structure and
dimensions.

RF MEMS switches are the most elegant solutionréopnfigurable antennas. They
offer superior RF characteristics (isolation andemion loss) hence they can be
integrated in large numbers within the antennactire. Additionally, they can be
controlled using high resistance bias lines, whiply that the bias network of RF
MEMS switches can be extensive in large antennaysarwithout interfering and
degrading the antenna radiation patterns. Ther®asork also consumes almost no
power and this is important for large antenna arregpecially for mobile or satellite
implementations. Their small size and their abitibyget integrated monolithically
with the antennas elements on high efficiency nweree laminates, such as glass or
Teflon, make the RF-MEMS switches the only solutionmm-wave reconfigurable
antennas structures.

On the other hand RF-MEMS switches suffer from atglity problems. The
performance and reliability of ohmic RF MEMS swishare directly related to the
switch contact interface. The combination of a namd physical phenomena, such
as plastic deformation, creep, joule heating, narefermation, arcing, and adsorbed
films at the contact surface create a convolutadosdailure mechanisms, which
results in contact degradation over time and peemistiction. These phenomena are
mainly caused by the existence of contaminant &ayde high impact velocity and

the overheating of the contact areas
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One of the most important sources of field failui@sohmic RF-MEMS switches is
caused by increases in contact resistance duentarnmation of the switch contacts.
This is due to inappropriate packaging and it is ohthe issues that has already been
solved.
The high impact force during the first touch, is antcome of the non-linear
electrostatic effect which results in the collap$e¢he cantilever after moving 1/3 of
the distance between the contacts. Lower impacefand less bouncing will reduce
changes in surface topography and lessen adheslores in high cycle applications.
This phenomenon has partially been overcome Viaréai actuation pulses but there
is plenty of room for amelioration since it is regpible for plastic deformation, creep
and wear problems.
The last main reason for switch failure is the beating, which is caused by
excessive amount of current through very small aar@his causes micro-welding,
nanowire formation and arcing phenomena and finadlgmanent stiction. Although
significant progress has also been made in thid, fee different approach can solve
some problems specifically when relatively higherrents are used, as in the case of
reconfigurable antennas.
In order to provide a reliable solution for the adanentioned drawbacks of RF-
MEMS switches, a novel, “Hammerhead” cantilevermpghahmic RF-MEMS switch
design has been presented in chapter 3. The maaraatbristics of the
“Hammerhead” switch are:
e Simplicity, as it is a very simple all metal (Augsign
e Power handling, as it has relatively large contetas capable of handling
higher currents avoiding temperature rise hencemiwing linearity problems
e High restoring force, due to the S-shape deformatibthe cantilever, which
is capable of overcoming adhesion problems.
e Relatively low actuating operation voltage of 2/60V
e High dynamic actuating range as the pull-down \ggts \fq= 27V
e Controllability due to the specific hammerhead sheantilever
e Moderate switching time (1& for the pull down phase and (I8 for the
release phase) but high enough in order to appbreéd control pulse.
e Superior electromagnetic characteristics (at 5Gtézstvitch presents Isolation
-28dB & Insertion loss -0.019dB).
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Additionally, a thorough comparison between “Hamieaxd” and other cantilever
type ohmic RF-MEMS switches configurations suctitessimple “Uniform switch”
and the well known North Eastern University switbliEU” has been undertaken.
The most significant failure mechanism of the ohREEMEMS switches under high-
cycle lifetime applications is the impact force dmlincing of the cantilever on the
contact area. This phenomenon is related to thetretatic control of the switch
under step pulse actuation and is partially faceith wailored pulse control
implementation.

A novel optimization procedure based on Taguchidistical technique has been
presented to improve the tailored pulse controle Fiew technique allows exact
calculation of the time intervals and voltage magpes of the actuation pulse train.
Testing this novel technique in “Hammerhead” switchuperior switching
characteristics has been achieved. Nevertheldsthealabove-mentioned improved
results are valid only in the absence of any mantufang tolerances.

Following that, an improvement of the existing nuethof resistive damping (charge
control) has been presented, allowing the exacutation of the Bias resistor in order
to reduce the impact force during the pull-downgghas well as, bouncing during the
release phase. This technique has been testedammidrhead” switch with partially
good results since it is capable of improving thwtching characteristics only during
the pull-down phase. As concerns to the releassepltiis control method has almost
no effect due to the discrepancy between the arti¢he rise time of the actuation
pulse and the period of the mechanical resonareguéncy through which, the
appropriate value of the Bias resistor for eachtdwig phase is calculated.
Evaluating the “NEU” switch making use of resistidamping, very good results
have been extracted. This type of switch is veiffy @hd presents very low switching
time and high mechanical resonance frequency. Thiesgures allow the
implementation of a Bias resistor capable of imprgwswitching characteristics in
both phases. It has to be mentioned that for type tof stiff switches, resistive
damping control is the only solution as practicalhere is not enough time for
tailored pulse implementation.

Finally, a novel technique, the Hybrid control mptias been presented. This new
open loop technique is based on the combinatioth@ftwo previously mentioned
methods (Taguchi’'s optimized tailored pulse andste® damping). Testing the

“Hammerhead” switch under this technique, truet'safding’ with very low impact
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force and elimination of any bouncing phenomenanduthe pull-down phase has
been achieved. Meanwhile, minimization of the baugciuring the release phase has
been achieved as well, keeping the ON-OFF switckimg comparable to those of
the step actuation pulse. Moreover the most imporéghievement of the Hybrid
control mode is its capability to offer immunity tmanufacturing and operation
uncertainties of the switch, allowing it to be ingorated in large numbers within
reconfigurable antenna implementations.

Innovative antenna designsuch as those using multifunction, reconfigurable
antennas and antenna arrays, to perform complexdandhnding system functions
remain a challenge. Computational electromagnetissig advanced computing
capabilities will model complex electromagnetic wainteractions, in both the
frequency and time domains.

Taguchi’s optimization technique can handle muttieinsional, discontinuous and
nondifferentiable objective functions with many eutial local maxima whilst
converges rapidly to the optimum result but withirwell defined area. In order to
solve this drawback and make it capable of seagcbwer a wider parameter area, a
novel technique has been presented in chapter iS. ridw technique is based on
Taguchi’'s optimization method named “Grid-Tagucliind uses the exceptional
properties of the Orthogonal Arrays in order torelkeamore systematically and
efficiently over large areas.

In order to validate the “Grid-Taguchi” optimizatiotechnique a complex task,
involving a pattern and frequency 3 elements pdintagi-Uda antenna, has been
considered.

For comparison reasons the characteristics ofaheesantenna has been investigated
using three methods, the normal Taguchi’'s methodgretion of Taguchi’'s method
with 5 levels per parameter with double searchingaaand the well established
stochastic optimization technique (PSO).

The results showed that “Grid-Taguchi” method ex@hong all the aforementioned
techniques, presenting exceptional results anddcbetome a standard for complex

electromagnetic optimization issues.
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6.2. Future work

The simplicity and the material choice of the “Haerhead” RF-MEMS switch
ensures high fabrication yield. Furthermore, theg/l3Hd” actuation mode control is
capable of providing the best switching conditicenrsd immunity to fabrication
tolerances. Additionally, Grid —Taguchi optimizatiotechnique, is capable of
fulfilling all the demanding specifications of ecomfigurable antenna design.

The next step in order to continue this researchldvbe to monolithically integrate
the “Hammerhead” RF-MEMS switches within the anegertements.

The design of a reconfigurable antenna using RF-IBEBWitches could be
implemented either based on the hybrid mode, thatsing individual RF-MEMS
switches which should be bonded into the PCB, ertegrated mode, in which each
switch is fabricated on the same substrate with ahtenna patches in a single
manufacturing process.

With current technology it is possible to fabricatech an antenna using the hybrid
method. Nevertheless, that could result in sevdralvbacks regarding cost and
compatibility, especially when designing topologiesth significant number of
switches. In general, the cost of a single RF MESW&ch is very low, as it is similar
to VLSI design and batch processing methodology tants. Nevertheless, the cost
gets increased dramatically due to the devise-legahetic packaging. In addition to
that, there are real estate problems due to thgwely great size of the packaging and
the large number of the switches which have to $eduor the complete antenna
configuration.

Another important drawback of the hybrid mode ig impedance mismatching,
during the packaging and assembling processes. EM3/1switches require wire
bonding in the package introducing impedance misimatonsequently signal loss.
Besides, further signal loss is introduced durimg @assembling, between the package
and the board. Last but not least, additional sidoss is introduced due to the
incompatibility between the substrates of the RF M&E switch (usually high
permittivity materials such as Si and GaAs) and rhierostrip’s antenna element
(usually microwave laminate PCB) due to the diffexein the electrical properties of
their materials. Hence, to maintain an overall g@aiformance in hybrid mode
design it is vital to use extra adapting circuitoyreduce the undesirable RF signal

reflection.
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In monolithic mode, the RF MEMS switches are baiitthe PCB substrate, under the
same process with the antenna patches. Using tingrated mode reduces cost as far
as the fabrication is concerned since the faboogbrocess needs only one packaging
procedure for the entire application. Real estatdlpms are less as well due to the
small size of the RF-MEMS switches without the @agikg cells and matching as the
switches are parts of the microstrip antenna sirede4], [39], [152].
Moreover, the reconfigurable antenna integratiam lma completed by making use of
a programmable ASIC module which will further cdmtite towards the design of
smart antenna systems as well as improving deviimeeacy and longevity.
e By controlling the state of the switches in ordeathieve the desired antenna
configuration.
e By calibrating regularly the control pulses of eastitch individually, using
blind tracing techniques to detect the real dimamsiof each switch, which

may diverge from the nominal values due to manufawy tolerances or

aging.

Finally, further research is required as regards tklease time control of fast
switches, like the NEU switch. Resistive damping sarink the problem although

there is plenty of room for more amelioration.
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Appendix

A.1 Modelling the “Hammerhead” ohmic RF-MEMS

switch in CoventorWare

The design and evaluation of the “Hammerhead” oHReMEMS switch has been
carried out mainly using the Architect module, tparametric MEMS design
environment of Coventoreware software package. ilgchmodule is using lumped
elements from parametric libraries for fast andusate results in cooperation with
Saber sketch of SynopsisSaber is a multi-domain modeling and simulation
environment that enables full-system virtual prgpatg for applications in

analog/power electronics and mechatronics. An e¥amipthe design and simulation

process steps is described below:

e Specify the fabrication process and the materfarmation

e Open a new schematic from the process and matktiabase

e Create a 3D model of MEMS device using componens fthe appropriate
multi-physics libraries or by using the compreheasArchitect component
libraries

e Specify dimensions in the property window for eagimbol and create a fully
parametric model using only a handful of globaiatales

e Create a 3D image of the schematic model in Archi&eene 3D

e Create variations of the model by varying a sirgitdal parameter

e Select and manipulate the view of the individuaimponents using the
hierarchical schematic representation of the tree v

¢ Run simulations such as (DC analysis, Transienaisa Frequency analysis)

¢ Run analysis based on simulations results (S@atistiurier, Stress)

e Load and animate results in 3D or monitor the peegrof the simulation
while it's running

e Export the model as GDSII or SAT file Layout
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For a more detailed evaluation the same designbeamported from Architect as
GDSII or can be rebuilt in Designer module, whigrfprms the following actions:

e creates, imports and exports 2-D layouts of MEMSigte

« manages MEMS fabrication technology data

o performs MEMS-specific design rule checks (MEMS-DR@G layouts

o automatically generates 3-D solid models from Zaiblts

« automatically generates efficient meshes, viewsmaash quality checks

e imports and exports solid models in widely used Ciabnats

e accesses Foundry Process Design Kits for stand&id $/fabrication

processes

The 3D meshed solid model is examined next as ld Eement Model (FEM) in
Analyzer module. In Analyzer, exact multi-physiasmglations that are critical to
investigate the MEMS switch behavior are perform8dch kinds of simulations
include the following solvers.

e MemElectro, for electrostatic and electroquastatialysis

e MemMech, for mechanical, thermomechanical and mgilendric analysis

e CoSolveEM, for coupled electromechanical-statidysisa

e HarmonicEM, for coupled electromechanical-frequedeognain analysis

e MemPZR, for piezo-resistance analysis

e MemHenry, for electrical inductance and resistaantaysis

e SpringMM, for electrostatic, mechanical or electemianical analysis

e DampingMM, for squeezed, slide-film or free spdo&dfdamping analysis

e InertiaMM, for proof mass or plate inertia analysis

Some of the multi-physics characteristics in Anatyzan be extracted as behavioral
models in the form of macro-model in Integrator mied such as:

e Squeeze and slidefilm damping due to gas trappethall gaps based on
Reynolds equations solving

« Free-space gas flow around parts based on Stokesi@us solving

e Mechanical stiffness of structural components camiodeled as linear or

non-linear mechanical springs
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o Electrostatic forces between electrodes can be im@s electrostatic springs

« Inertia of inflexible components can be modeledigid bodies

These behavioral models then can be extracted toadkchitect as components for

use with the rest of the system.

A.2 Charge drive control

Under charge control Castaner L. et al [145] prothed the Pull-in phenomenon of

the Voltage powered electrostatic actuators doéexists and if the current drive is

ideal, any position across the gap is stable. Tam meason for this behavior is that
the electrostatic force that applied is alwaysaattve and independent of the

remaining gap of the actuator.

Some more publication on this field (parallel plattuators) presents how it can be
impemented [129], [130].

The energy for this system is given by:

_ @
T 20(%) (74)

And the electrostatic force under constant chaogelitions is computed as:

where g=90o—Xx

d?x dx @
mﬁ + bE + kX = 2Cod0 (75)
I, =22 (76)

ar

Making a first normalization the following non-dim&onal quantities are obtained:

X Q 3 K
X =— t = woT, q=_ Qp =5 CoVpr woz\/;

do Qp
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And the equation of motion can be rewritten as.

d?x b dx _q

Mz T Tmagar TX =3 (77)
d 2,

@ = 3ls (78)
Where

.

bs = VpiwoCo (79)

_oUty __@* _ 4’kgo

For = ax )Q T 20090 3 (80)
F, = kX = kgyx (81)

By normalizing these two forces we obtain the ndized electrostaticf, and

mechanicaf, forces as follows

Fe

fo=we="% (82)
Fm

fm =g =X (83)

And the stability condition becomes

(21 <

The value of the left hand side is always -1 andchethe condition in the above
equation is satisfied for any value wfprovidedq is constant. From the above
eqguation is concluded that the electrostatic fahe applied is always attractive and

independent of the distance.
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A.3 Grid Taguchi optimization technique

As an example, an optimization problem consistihghoee parameters with central
estimating values A=10, B=20, C=30 and a search af@bout +45% around them is
considered. For this case an §&) consist of 3columns, 3 levels for each parameter
and 9 rows is defined as the master OA (Table Ak initial deviation is calculated
as:

Ly=A%(0454%) =10 +3 (85)

And the three levels of the parameter A are defased

1A=7, 2A=10 and 3A=13

In the same way substituting the values of B artd @e above equation their levels
are calculated as:

1B=14, 2B=20 and 3B=26
1C=21, 2C=30 and 3C=39

The master O43°) with the calculated levels is shown in Table A2.

Table A1l. OA(3) Table A2. Master OA levels
AB|C A |B |C
11111 117 | 14|21
211122 2|7 | 20|30
3/1(13|3 3|7 | 26|39
412 11| 2 4110|1430
512123 5110|2039
62|31 6110|2621
713|113 7113|14| 39
8321 8113|2021
93|32 9113|2630
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The1* slave OA is created with central
values A=7, Bi=14, G=21 from the

values of the first row of Table A2 and
the initial deviation of each parameter

as:
Lags) = A + (04543) =7 £ 15

And the levels of the parametar are
defined as:

1A;=5.5 2Aq=7 3A;=8.5

In the same way, substituting the
values of B and G to the above

eqguation their levels are calculated as:

1B,=11
1C=16.5

2B=14
2G=21

3B=17
3G=25.5

The 29 slave OA is created having
central values A7, B,=20, G=30

from the values of the second row of
Table A2 and the

parameters as:

levels of the

1A=5.5 2Ah=T7 3A=8.5
1B=17 2B=20 3B=23
1C,=25.5 2G=30 3G=34.5

Substituting the calculated levels in
Table Al the slave OA for the second

row is created as shown in Table A4.

Substituting the calculated levels in
Table Al the slave OA for the first row
is created as shown in Table A3.

Table A3.1% slave OA levels

A1 | B1|Cy

5.5|11|16.5

55|14 21

5.5|17| 255

7 |11} 21

7 | 14]255

7 |17]16.5

8.5|11| 255

8.5|14|16.5

85|17 21

O| 0O N| O g &l W N|

Table A4. 9% slave OA levels

Ay | By | Cy

5.5|17| 255

5.5/20]| 30

5.5|23| 345

7 | 17|30

7 | 20]34.5

7 | 23| 255

8.5|17|345

8.5/ 20| 255

O| O N| O g &l W N|

8.5 23|30
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The 3% slave OA is created having
central values 47, B3=26, G=39

from the values of the third row of
Table A2 and the levels of the

parameters as:

1A5=5.5 2A=7 3A=8.5
1B3=23 2B=26 3B=29
1G=34.5 2G=39 3G=43.5

Substituting the calculated levels in
Table Al the slave OA for the third

row is created as shown in table A5.

The 4" slave OA is created having
central values 410, B=14, G=30

from the values of the fourth row of
Table A2 and the levels of the

parameters as:

1A,=8.5, 2A=10 3A=11.5
1B,=11, 2B=14 3B=17
1C4=25.5, 2G=30 3G=34.5

Substituting the calculated levels in
Table Al the slave OA for the fourth
row is created as shown in table A6.

Table A5.3 slave OA levels

Az

Bs

Cs

5.5

23

34.5

5.5

26

39

5.5

29

43.5

7

23

39

7

26

43.5

7

29

34.5

8.5

23

43.5

8.5

26

34.5

O| O N| O g &l W N|

8.5

29

39

Table A6.4™ slave OA levels

Ay | Bs|Cy
1/85 | 11| 255
2|85 | 14|30
3185 | 17| 34.5
4110 | 11|30
5(10 | 14| 34.5
6|10 | 17255
71115/ 11| 345
8|11.5| 14| 255
9]11.5/17|30

205



The 8" slave OA is created having
central values 410, B=20, G=39

from the values of the fifth row of
Table A2 and the levels of the

parameters as:

1As=8.5, 2A=10 3A=11.5
1Bs=17, 2B=20 36=23
1Gs=34.5, 2G=39 3G=43.5

Substituting the calculated levels in
Table Al the slave OA for the fifth

row is created as shown in table A7.

The 68" slave OA is created having
central values 410, B=14, G=30

from the values of the sixth row of
Table A2 and the levels of the

parameters as:

1A6=8.5, 2A=10 3A=11.5
1B6=23, 2B=26 36=29
1CGe=16.5, 2G=21 3G=25.5

Substituting the calculated levels in
Table Al the slave OA for the sixth

row is created as shown in table A8.

Table A7.5" slave OA levels

As | Bs|Cs
1{85 | 17345
2185 | 20|39
3185 | 23]43.5
4110 | 17|39
5/10 | 20| 43.5
6|10 | 23|34.5
7111517 |43.5
8|11.5| 20| 34.5
9]11.5/ 23|39

Table A8.6" slave OA levels

As | Bs| Ce
1|85 | 23| 16.5
2|85 |26/ 21
3185 | 29255
4110 | 23|21
5/10 | 26| 25.5
610 | 29| 16.5
7111.5| 23| 255
8|11.5| 26| 16.5
9]111.5/29|21
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The 7" slave OA is created having
central values #13, B=14, G=39

from the values of the seventh row of
Table A2 and the levels of the

parameters as:

1A/=11.5 2A=13 3A=14.5
1B-=11 2B=14 36=17
1G=34.5 2G=39 3G=43.5

Substituting the calculated levels in
Table A1, the slave OA for the seventh

row is created as shown in table A9.

The 8" slave OA is created having
central values 413, B=20, G=21

from the values of the eighth row of
Table A2 and the levels of the

parameters as:

1As=11.5 2A=13 3A=14.5
1Bg=17 2B=20 3B=23
1G=16.5 2G=21 3G=25.5

Substituting the calculated levels in
Table Al the slave OA for the eighth
row is created as shown in table A10.

Table A9. 7' slave OA levels

A7

B7

C;

11.5

11

34.5

11.5

14

39

11.5

17

43.5

13

11

39

13

14

43.5

13

17

34.5

14.5

11

43.5

14.5

14

34.5

O| 0| N| O g &l W] N|

14.5

17

39

Table A10.8" slave OA levels

As

Bs

Cs

11.5

17

16.5

11.5

20

21

11.5

23

25.5

13

17

21

13

20

25.5

13

23

16.5

14.5

17

25.5

14.5

20

16.5

©| O N| O g | W] N| =

14.5

23

21
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The 9" slave OA is created having
central values 413, B=26, G=30

from the values of the ninth row of
Table A2 and the levels of the

parameters as:

1A0=11.5 2A=13 3A=14.5
1By=23 2B=26 3B=29
1C=25.5 2@=30 3G=34.5

Substituting the calculated levels in
Table Al the slave OA for the ninth

row is created as shown in table A11.

Table A11. § slave OA levels

Ag

Bo

Co

11.5

23

25.5

11.5

26

30

11.5

29

34.5

13

23

30

13

26

34.5

13

29

25.5

14.5

23

34.5

14.5

26

25.5

O| O N| O g &l W N|

14.5

29

30
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