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Abstract

Starting in the early 1960’s, when the integrated-circuit (IC) technology was
developed, micromachining and microelectromechanical systems (MEMS) have
grown into a broad research field with several commercial successes. Typical
applications of MEMS are in physical, chemical and biochemical sensors, as
well as in optical systems such as the digital micromirror device of Texas
Instruments. From the 1990’s, the advances in the processing technologies and
the tremendous growth of the wireless-communication market have drawn much
interest into radio-frequency MEMS devices (RF MEMS) such as filters,
oscillators, switches and tunable capacitors. These are now beginning to
penetrate the market.

This thesis considers electrostatically-actuated RF-MEMS filters and delay lines.
For filters, the work concentrates on nonlinear distortion and filter design. The
intermodulation properties of capacitively-coupled MEMS filters are analytically
solved in closed form and the theory is verified in numerical simulations as well
as in measurements with MEMS resonators. The analysis is more generally valid
than the previously published results. The theory is utilized to formulate a design
procedure for MEMS filters that, for the first time, takes systems speci-fications
for tolerable intermodulation distortion and insertion-loss into account. For delay
lines, capacitive actuation of bulk-acoustic waves in a solid rod is analyzed. In
particular, challenges in impedance matching due to the weakness of the
electrostatic coupling are quantified. Finally, a new kind of resonator-chain
delay line for high-frequency (HF) signals is introduced. This delay line is
characterized by extremely slow signal group velocity (~ 10-100 m/s), narrow-
band response, and much lower characteristic impedance than found for the
solid-rod waveguide enabling efficient signal coupling. Properties of the
resonator-chain waveguide are theoretically analyzed and the results are verified
in measurements of fabricated devices.
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Tiivistelma

Mikroelektromekaanisten jéarjestelmien (MEMS) kehitys alkoi 1960-luvun
alussa yhdessé integroitujen piirien (IC) teknologian kanssa. T&hdn pdivéddn
mennessd mikromekaniikka on kehittynyt laajaksi tutkimusalaksi ja johtanut
useisiin  kaupallisiin menestyksiin. MEMS-teknologiaa sovelletaan mm.
fysikaalisissa, kemiallisissa ja biokemiallisissa antureissa sekd optisissa
jérjestelmissd, kuten Texas Instrumentsin mikropeileissd, joita kéytetddn
videoprojektroreissa. Kiinnostus radiotaajuisiin MEMS- komponentteihin (RF
MEMS) on lisdéntynyt voimakkaasti  1990-luvun  alusta  alkaen
valmistusteknologian ja langattoman tiedonsiirron markkinoiden kehityksen
myotd. Radiotekniikassa MEMS-teknologiaa pyritddn soveltamaan mm.
suodattimissa, oskillaattoreissa, kytkimissi ja sdddettdvissd kondensaattoreissa.
Ensimmadiset téllaiset komponentit ovat jo kaupallistuneet.

Tdssd vditoskirjassa kisitellddn  kapasitiivisesti  kytkettyjd RF-MEMS-
suodattimia ja viivelinjoja. Suodattimien osalta tyd keskittyy epélineaarisuuksien
ja  hédvididen huomioimiseen  suodinsuunnittelussa. MEMS-suodinten
intermodulaatio-ominaisuudet ratkaistaan ty0ssd analyyttisesti aikaisempaa
yleisemmin ja saadut tulokset varmennetaan tietokonesimulaatioissa ja
mittauksissa. Tulosten pohjalta laaditaan MEMS-suodinsuunnittelulle sddnnot,
joissa otetaan ensimmadistd kertaa huomioon asetetut vaatimukset sekd
intermodulaatiolle ettd hdvidille. Viivelinjojen osalta tydssd késitellddn
mikromekaaniseen tankoon perustuvaa tilavuusaaltoviivelinjaa ja tuodaan esiin
vaikeudet, jotka liittyvit riittdvéin hyvén kytkenndn saavuttamiseen téllaisessa
rakenteessa. Tehokkaampi kytkentd on HF-taajuuksilla mahdollinen
jousimassaketjuun perustuvaan viivelinjaan, jollainen esitelldén ja analysoidaan
tissd viitostyossd. Hyvéan kytkenndn lisdksi timén viivelinjan ominaisuuksiin
kuuluu  kapeakaistaisuus ja  erittdin  hidas  signaalin  kulkunopeus.
Mikromekaanisen jousimassaketjuviivelinjan toiminta varmennetaan mittauksin.
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Abbreviations

VIT
TKK
ETSI
GSM
RFID
RX
TX
IC
FET
LNA
MEMS
SOl
LTO
CVD
RIE
DRIE
1CP
SAW
BAW
FBAR
RF
IF
HF
VHF
UHF
IM3
1P3
1IP3
SIR
/1

Technical Research Centre of Finland

Helsinki University of Technology

European Telecommunications Standards Institute
global system for mobile communications (an ETSI standard)
radio-frequency identification

radio receiver

radio transmitter

integrated circuit

field-effect transistor

low-noise amplifier

microelectromechanical systems

silicon on insulator

low-temperature oxide

chemical vapor deposition

reactive-ion etch

deep reactive-ion etch (Bosch process)
inductively-coupled plasma

surface-acoustic wave

bulk-acoustic wave

film-bulk-acoustic resonator

radio frequency

intermediate frequency of a superheterodyne receiver
high frequency (3-30 MHz) (hydrofluoric acid in fabrication)
very high frequency (30-300 MHz)

ultra high frequency (300 MHz-3 GHz)

third-order intermodulation

third-order intercept point

input-referred third-order intercept point
signal-to-intermodulation ratio

carrier-to-interference ratio



Symbols and Notation

€o vacuum permittivity 8.85419 x 10712 F/m
p density

Y Young’s modulus

Y time derivative of variable y

0] second time derivative of variable y

q charge

% electrostatic potential

U voltage

V bias voltage

Vpi pull-in voltage

u AC source voltage

u normalized AC voltage (small) =u/V

C capacitance

E capacitor energy =1CU?
A area of a capacitive transducer

x transducer or resonator displacement

d transducer gap with x = 0

13 normalized transducer displacement (small) = z/d

Co transducer capacitance with x = 0 =¢A/d
Zy transducer impedance with x =0 = 1/(jwCo)
n electromechanical coupling =CyV/d
ke electromechanical spring constant =nV/d

k spring constant of a harmonic resonator

m resonator mass

¥ resonator damping constant

Q resonator quality factor = VEkm/y
wo resonator eigenfrequency =/k/m
H(w) resonator response function =H'(w)+jH"(w)
We electromechanical frequency =V ke/m
k spring constant with capacitive coupling =k — 2k,
Wo eigenfrequency with capacitive coupling =/k/m
Q quality factor with capacitive coupling = \/% /7y
R, electrical-equivalent resonator resistance =7/n?



Rac

electrical-equivalent resonator inductance =m/n?
electrical-equivalent resonator capacitance =n?/k
load impedance

load resistance

load capacitance

source resistance

series-equivalent source resistance

series-equivalent source capacitance

series-equivalent load resistance

series-equivalent load capacitance

loaded resonator dissipation constant

m+Rs+RY)
+Cl +Cl )

(R
loaded resonator spring constant = <

loaded resonator () value vk
loaded resonator eigenfrequency =k

Thévenin-equivalent-source AC voltage =u/ ( ij’o ac)

input power corresponding to IIP3
input power for to 1-dB compression
ratio of third harmonic to fundamental
interference to signal ratio

amplitude ratio of interferers

voltage gain

coupling spring of a resonator chain
anchoring spring of a resonator chain
coupling mass of a resonator chain
period of a resonator chain

frequency of a symmetric eigenmode of a two-mode resonator

frequency of an antisymmetric eigenmode of a two-mode resonator

ratio of anchoring spring to coupling spring = ko/ke
total coupled-resonator mass =2m + my
wavelength

wavevector =271/A

group velocity
phase velocity

characteristic impedance of a transmission line
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1 Introduction

Acoustic wave propagation in solids has for a long time been utilized in RF elec-
tronics to implement various functionalities in components such as local oscilla-
tors, filters, and delay lines. Such devices are based on transduction between elec-
tric signals and acoustic waves with part of the signal processing being performed
in the mechanical domain. In these applications, one benefits from i) low attenu-
ation of acoustic waves in crystalline materials and ii) low acoustic wave velocity
compared to electromagnetic waves. The low attenuation enables high () values of
mechanical resonators in components such as quartz-based oscillators [5] that are
widely used as low-phase-noise frequency references in mobile-communication de-
vices. The low-loss propagation is also essential in surface-acoustic-wave (SAW)
and bulk-acoustic-wave (BAW or FBAR) filters [6,7]. The acoustic SAW and
BAW velocities are of the order of 5000 m/s that is approximately 10° times
smaller than the wave velocities for electromagnetic transmission lines. Thus,
long signal delays can be produced with small-sized components. This is utilized,
for example, in the SAW radio-frequency-identification (RFID) tags.

Recent advances in MEMS technology have opened up the possibility for cre-
ating microsized RF devices based on mechanical motion. In MEMS, integrated-
circuit (IC) batch-fabrication technologies are utilized to produce miniature me-
chanical structures usually on a silicon substrate. As an example, a MEMS plate
resonator has been demonstrated to be well suited for a high-spectral-purity os-
cillator in mobile-communication applications with phase-noise properties com-
parable to its quartz-based counterparts [8]. MEMS variable capacitors and, es-
pecially, switches are the most studied RF MEMS components with commercial
products now on sale by a few companies [9]. MEMS switches are also utilized,
for example, in phase shifters and impedance tuners [10, 11]. Micromechanical
filters are at present studied as a potential technology for bandpass filtering in
receiver front ends either at RF or IF frequencies [12-16]. Replacement of the
conventional SAW and FBAR filters with MEMS that is integrable with CMOS
electronics can reduce the cost, power consumption and physical size of the RF
circuitry. This becomes more and more important as the number of different
radios in a single device is increasing. Sometimes, also stationary components
fabricated with MEMS technology, such as inductors and waveguides, are con-
sidered as a part of RF MEMS. For recent review articles and books on RF
MEMS, see [9,10,17-20] and [21, 22], respectively. Besides in RF applications,
MEMS technology is utilized, for example, in sensors, such as accelerometers, gy-
roscopes, magnetometers and pressure sensors, as well as in microfluidic devices
and in micromirrors for projection displays (see, for example, [23,24]).

This thesis considers design and analysis of electrostatically-actuated microa-
coustic RF filters and delay lines fabricated with MEMS technology for radio-
communication devices. After the introduction to microelectromechanical sys-
tems in Chapter 1, the thesis focuses on the new scientific results of the work. In
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Chapter 2, intermodulation (IM) properties of capacitively-coupled MEMS filters
are analytically solved and the theory is verified in numerical simulations as well
as in measurements. Although MEMS filters are widely studied in the litera-
ture, IM has received less attention. The new theory is utilized to formulate a
design procedure for MEMS filters that takes both IM and insertion-loss require-
ments into account. Usage of the procedure is exemplified and implications of
the analysis for different receiver architectures are discussed. MEMS delay lines
are considered in Chapter 3. First, capacitive actuation of bulk-acoustic waves
in a solid rod is analyzed. In particular, challenges in impedance matching due
to the weakness of the electrostatic coupling are quantified. Then, a new kind of
resonator-chain delay line for HF-frequency signals is introduced. This delay line
is characterized by extremely slow signal group velocity, narrow-band response,
and much lower characteristic impedance than found for the solid-rod waveguide
enabling efficient signal coupling. Properties of the resonator-chain waveguide are
theoretically analyzed and verified in simulations and measurements. Conclusions
of the work are presented in Chapter 5.

1.1 MEMS in Radio Architectures

MEMS-based components have been suggested to implement many of the needed
functionalities in modern communication devices. To set the context of the the-
sis more clearly, a typical superheterodyne radio architecture is depicted in Fig.
1 [25]. The blue shading indicates components that can possibly be realized with
MEMS technology. In addition to the switches, phase shifters, local oscillators,
filters and impedance tuners that are generally recognized as potential applica-
tions of MEMS [8-11,15,20-22], for the power sensor, used in the radio of Fig.
1 to control the power amplifier (PA), one can consider using MEMS, as first
discussed in [26] and developed further, for example, in [2,27].

Instead of developing MEMS replacements of conventional components, full
utilization of the properties of MEMS may well require a redesign of the over-
all architecture and may prove well suited also for low-power low-performance
radios of wireless sensors. Namely, MEMS may allow some of the different op-
erations of Fig. 1 to be performed in a single electromechanical device, such as
the RX front-end filtering, mixing and even the low-noise amplification using
parametric pumping [1,28]. In [15,29], an architecture is considered, where the
RX-band-select filter is replaced with a switchable bank of narrow-band filters
with different center frequencies to cover the RX band. With such an approach,
the linearity requirements of the LNA and the mixer can be relaxed due to the
introduced selectivity against in-channel interferences. A multitude of parallel
channel-select filters is also considered in [30] with FBAR filters for a radio of
wireless sensors. Instead of many parallel filters, one can also consider using a
single multimode MEMS resonator, such as the plate resonator of [8] with Lamé
and square-extensional modes, if the size of the radio is to be minimized.

12



TX/RX band channel |
T switch select LNA select A npp
//’
Diversity LOl@ LP Q =8
switching 8
or beam Impedance
steering tuner PA

with phase
shifters 7\ §_
Power \7 Power

sensor control

Figure 1: Superheterodyne radio architecture. Components for which MEMS imple-
mentation can be considered are indicated in blue.

Figure 2 schematically shows another possible architecture for a low-power
radio transponder terminal that communicates with a high-power basestation.
Here the TX carrier is generated from the RX signal using a time delay during
which the TX/RX switch changes its state. The carrier generation can comprise,
for example, a phase-lock loop or, if the basestation is sending an unmodulated
carrier for the terminal TX, passband filtering can be enough. With a narrow-
band delay line, the filters in Fig. 2 can possibly be omitted. SAW RFID tags
are an example of a transponder radio, where the input RX pulse is coupled to a
delay line with multiple reflectors that cause many TX pulses, with identifiable
inter-pulse delays, to be sent back.

I

@T@'::
Q

Carrier
Regen.

IC

Figure 2: Schematic of a radio-transponder architecture where the delay line is used
to separate reception and transmission in time.
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1.2 Mechanical Resonators

Typical mechanical resonator geometries are shown in Fig. 3. The applied force,
F| either stretches (a) or bends (b) the beam or stretches the plate (c) that is
anchored to ideally undeformable supports. For small amplitudes at and close to
the resonance frequency, the resonators can be modelled with a linear spring-mass
system, as shown in Fig. 3 (d), for which the equation of motion is

wo
Q

Here wy = y/k/m is the eigenfrequency and @ = Vkm /7 is the quality factor
of the resonator with spring constant, k, mass, m, and dissipation, . The dots
above the variables refer to derivation with respect to time. Solution to (1) can
conveniently be written using the complex response function

mi+yi+kr=F&i+—i+wr=F/m=F. (1)

Hw) = (- + %) @)

as
z(w)=FH + FH" |w, (3)

where H' and H” denote the real and imaginary parts of H, respectively. The
second term in (3), which is proportional to the first time derivative of the applied
force, describes the power dissipation of the system. The absolute value of the
response

H = VA7 + 7 = (6~ )+ (wwo/@] )

gives the amplitude, x¢, of the displacement, z, as xy = |H|Fy, where Fy is the
scaled amplitude of the applied force.

For large amplitudes, nonlinearities of the resonator have to be taken into
account. Spring nonlinearities can be included in (1) by replacing the linear
spring force with a nonlinear force as

kx — kx + kox® + ks + .. .. (5)
Taking the nonlinear terms into account only up to the third order, the equation
of motion (1) becomes
wo
Q@
where a@ = ky/m and 3 = kz/m. The higher-order terms (ax? and Bx3) in (6)
introduce a shift to the resonance frequency, w, = wy + w;s, and tilt the response

of the resonator [31,32] (Duffing effect). The resonance frequency shift, ws, as a
function of the resonator amplitude, g, is given by

i+ =i+ wir +az® + Bz’ = F, (6)

Wws = 53737 (7)

14
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Figure 3: Typical resonator geometries, (a) stretching beam (b) bending beam and
(c) extending plate of [8]. The resonators are anchored to stationary supports. (d) For
small motion close to the resonance frequency, the resonators can be modelled with a
linear spring-mass system (harmonic oscillator).

where [31,32]
33  ba?
T 8wy 12w

At the critical resonance amplitude of

J

__2Ven o)

Zo, ¢ )
\/3Q161v3

the response becomes a multivalued function of frequency with two stable and
one unstable solution for each excitation frequency resulting in hysteresis [31,32].
The amplitude responses of the linear (§ = 0) and some nonlinear resonators
are schematically shown in Fig. 4. The nonlinear responses have been obtained
by considering a unit-amplitude force (Fy = 1) and solving for the resonator
amplitude, g, in (4) after substitutions |H| = 2y and wy — w, = wy + dz2. The
behaviour of the response in hysteresis is also indicated.

The resonator geometries of Fig. 3 are typical in RF MEMS filters [12,13,15,33]
and oscillators [8,34,35]. Other state-of-the-art MEMS resonators have been
based, for example, on tuning forks, [36], folded-beams [15], ring [37] or circular
disk [38,39] geometry. The highest frequency-@) products of microresonators
have been reported for a silicon ring [37] and a diamond disk [40] (@ > 10 000

15



1 [H(w)|

Figure 4: Tilting of the resonator response due to nonlinearity. The dashed arrows
show the behaviour of the solution with hysteresis, when the frequency w of the exci-
tation force is increased (red) or lowered (blue).

at f ~ 1 GHz). Research is also in progress towards reducing the size of the
resonators below one micrometer [41,42]. Compared to MEMS, utilization of
these submicron nanomechanical (NEMS) devices in RF systems is much more
challenging due to their more complicated fabrication and inefficient coupling to
electric signals.

1.3 Electrostatic Transduction in MEMS

Several choices exist for coupling electrical signals and mechanical motion [21,43].
In microsystems, most common is the electrostatic actuation due to its low power
consumption, fast operation and simplicity of the needed fabrication processes
[21,22]. The most studied RF application of MEMS is an RF switch [22] (for
recent references, see also [44-46]) for which capacitive coupling typically suffers
from high actuation voltages (high, at least, for battery-powered applications)
and inadequate reliability due to dielectric charging [22]. Therefore, for MEMS
switches, one has also utilized piezoelectric [47] and magnetic [48] transducers,
as well as combinations of magnetic and electrostatic [49] and of thermal and
electrostatic transducers [50].

Capacitively actuated MEMS resonators have been demonstrated at up to
GHz frequencies [37,39]. However, achieving good enough signal coupling be-
comes increasingly challenging as the device size shrinks with increasing reso-
nance frequency. Consequently, higher bias voltages and smaller transducer gaps
are needed. Alternatively, piezoelectric coupling has been used also for MEMS
resonators [51-54] as well as electromagnetic [55], magnetostrictive [56] and ther-
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Figure 5: Conductors at potentials 1 and o with charges ¢ and —g¢, respectively,
forming the parallel-plate (a) and comb-drive (b) capacitive transducers. The conductor
plate with charge ¢ is movable and its displacement with respect to the initial position
is denoted with .

mal [57] transducers. Electrostatic transducers with high-permittivity dielectrics
replacing the air gap have also recently been introduced [14,58,59] and analyzed
in detail in [4]. While offering solutions to the problems of electrostatic actu-
ation, the other approaches have their own challenges [21] such as demanding
or expensive fabrication (permanent magnets and current coils or piezoelectric
or magnetostrictive thin films), slow operation (thermal transducers) and power
consumption (thermal and magnetic transducers). In what follows, this thesis
concentrates on capacitive coupling.

Two common electrostatic transducers, parallel plate and comb drive, are
shown in Fig. 5. The actual comb drive is composed of several elements of the
type in Fig. 5 (b) in parallel [60], but here it suffices to consider only a single
element. The transducer capacitors are composed of two conductor plates at
potentials ¢; and ¢y with charges ¢ and —gq, respectively. One of the plates is
movable and its displacement with respect to the initial position is denoted with
x. Energy stored in the transducers is

1 1q
E=-0U%=_-1
ZCU 2C

2
)

(10)

where U = @9 — ¢ is the voltage difference between the conductors and C'is the
transducer capacitance given in Fig. 5. With biasing, either the voltage, U, or
the charge, ¢, is kept constant, resulting in a force between the conductor plates
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as [61]

OF 1. ,0C
F=2Z =& I i 1
5z |, 2U o (voltage bias) (11a)
OF 1,0 (1
F=— 2| = 22| = h ias). 11
oz |, 50 5y (C) (charge bias) (11Db)

Consequently, with voltage biasing, the force (11a) is a nonlinear function of the
displacement, x, for the parallel-plate transducer of Fig. 5 (a) while for the comb
drive of Fig. 5 (b), the force does not depend on z. Vice versa, with charge
biasing, the force (11b) is independent of z for the parallel-plate transducer and
a nonlinear function of x for the comb-drive.

Due to its simple implementation and applicability also in the presence of sig-
nificant parasitic capacitances [62], such as pad capacitances, voltage biasing has
been the preferred solution in RF MEMS applications. Furthermore, although
the comb drive results in better linearity properties, better coupling (stronger
force) can be obtained with the parallel-plate transducer by minimizing the elec-
trode gap. Good coupling is critical, for example, in MEMS filters to minimize
the insertion loss. In the following, only voltage-biased parallel-plate transducers
are considered.

One effect of the nonlinearity of the voltage-biased parallel-plate transducer
is that when applied to the mechanical resonators of Fig. 3 at high enough bias
voltages, the resonators become unstable and are deflected against the stationary
electrodes. This effect, called pull-in, can be utilized, for example, in MEMS
switches [21] and sensors [26] but must be avoided in RF filters, thus setting an
upper limit for the bias voltage (pull-in voltage). With the transducer forces as
indicated in Fig. 3, the pull-in voltage is

| 8kd?
Vi = 4 —— 12
pil 27Cy’ (122)

where (Y is the transducer capacitance with x = 0. With two transducers placed
on both sides of the resonator of Fig. 3 (b), such that the bias forces act in
opposite directions, the pull-in occurs at a higher voltage of

| kd?
Vo = 4 [ ——. 12
pi.2 2C) (12b)

In addition, using the two transducers as a differential drive (voltage V' + u on
one transducer and V' —w on the other, where V' is the bias voltage and u a small
signal) the second-order signal nonlinearity can be reduced. To the third-order
nonlinearities that are in focus in this thesis, the differential drive has no effect.
Appendix 5 outlines the derivation of (12a) and (12b). Since the rest position
of the resonator with symmetric biasing for V' < V,; 5 is at x = 0, the effective
spring constant, k = k — 2k., vanishes at the pull-in voltage.
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Figure 6: Basic MEMS device fabrication process. (a) Oxide deposition, (b) metal-
lization, (c) device patterning, (d) sawline etching, (e) device releasing.

1.4 SOI MEMS Fabrication at VI'T

The silicon-on-insulator (SOI) fabrication processes used at VI'T for the com-
ponents characterized in this thesis are outlined in what follows. More detailed
discussions on silicon-based MEMS surface, bulk and SOI micromachining can be
found, for example, in [63-65]. Present research also focuses on use of i) diamond
for the highest quality factors and two times higher sound velocity than in silicon
(higher frequencies with the same resonator dimensions) [40,66], ii) silicon carbide
for somewhat higher sound velocity with similar fabrication technologies as for
silicon [67,68] and iii) silicon germanium to facilitate post-CMOS integration due
to its low thermal budget [38,69]. Diamond and silicon carbide are also consid-
ered to be more suitable than silicon for environments with demanding thermal,
chemical, radiation or wear conditions [70].

1.4.1 Standard VTT MEMS Process

Fabrication of the devices described in Publication V is illustrated in Fig. 6.
The process makes use of a SOI wafer which contains a 1-um buried oxide layer
beneath a 10-pm silicon device layer. After depositing an extra 1-pum-thick low-
temperature-oxide (LTO) layer on the wafer backside with chemical vapor depo-
sition (CVD) (a), metal is deposited using Argon (Ar) plasma and patterned on
the front side (b). The metallization consists of a titanium-tungsten (TiW) dif-
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fusion barrier, a 1-pum-thick aluminum (Al) layer, and a thin molybdenum (Mo)
top layer to protect the Al against the hydrofluoric acid (HF) that is later used
for release etch. Etching of the metal is carried out using either a chlorine-based
(Cly + BCl3 + CHCI3) reactive-ion-etch (RIE) RF plasma or by wet etching. A
short dip in Freckle etchant is used to remove the residual etch debris. Sawing
lines are then patterned on the backside oxide layer and etched a few microns
deep with CF, + CHF3-based RIE plasma. The next step (c¢) is the patterning of
the resonator structures, with nominal gaps of 0.5 ym, and release holes of 1.5 ym
diameter. Inductively-coupled plasma (ICP) is used in the Bosch process [64,71]
with SFg + C4Fg-etch and C4Fg + Ar-passivation steps to form the gaps and re-
lease holes using a resist mask, which is then stripped in oxygen plasma before
the backside sawlines are etched to a greater depth (d), again using ICP etching
but with the previously patterned oxide as a mask. The Bosch process is also
called deep reactive-ion etch (DRIE). The buried oxide (and the backside LTO)
is then etched for several minutes in 49% HF and then dried in supercritical CO4
(e). The devices may be separated by cleaving along the sawlines or by sawing.

1.4.2 Fabrication Process for Narrow Gaps

Table 1: Clamped-clamped (CC) beam, free-free (FF) beam and square-plate res-
onators with narrow transducer gaps.

‘ gap / [nm)] ‘ type ‘ dimensions ‘ f/ [MHz] ‘ Q ‘ Ref. ‘
200 CC beam 3.7 pmx54pm 8 5400 | [72]
100 FF beam 2 pmx40pum 10 10000 | [73]
80 CC beam 3 pumx200pm 0.6 4800 | [74]
60 CC beam 3 umx30pum 30 2500 | [75]
50 square plate | 320 pmx320um 13 4000 | [76]

In order to obtain good-enough coupling with low-enough bias voltages for
capacitively-coupled RF MEMS resonators, several processes have been developed
to minimize the transducer gap. Resonators with vertical gaps of d ~ 200 nm [72],
d ~ 100 nm [73], d ~ 80 nm [74], d =~ 60 nm [75] and d ~ 50 nm [76] have been
fabricated. Relevant properties of these resonators are summarized in Table 1.
In [76], a much higher quality factor of @ > 10° is found for a resonator with
otherwise the same parameter values but with the transducer gap increased to
d ~ 180 nm. For [75], the effective gap, given by the bias-voltage dependence
of the resonance frequency, is found to be d ~ 400 nm, which is suggested to
be caused by carrier depletion. In [72,73,75], the reported quality factors for
the beam resonators are in good agreement with the support-loss estimate of
Q < 2(L/w)? [77]. For [74,76], on the other hand, the low quality factors of
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Figure 7: VI'T MEMS process for narrow-gap devices. (a) SOI starting wafer, (b)
etching of electrode areas with DRIE (Bosch process), (c) deposition of sacrificial oxide,
(d) epitaxial polycrystalline-silicon deposition, (e) grinding and polishing, (f) device
releasing.

the sub-100-nm-gap resonators can be explained neither by anchoring loss [77]
nor by thermoelastic damping [78] but are possibly due to surface effects [77] or
contamination [76] in the narrow gaps.

The narrow-gap processes [72-76] are based on a deposition of a thin sacrificial
layer of oxide or polysilicon to define the gaps. Figure 7 illustrates the process
developed at VT'T [76] that is used for the devices characterized in Publications
I, IT and VI. The electrode areas are first etched in the Bosch process (b) after
which a thin sacrificial layer of thermal oxide (c), and a layer of epitaxial polycrys-
talline silicon (d) are deposited on the wafer. Next, grinding and silicon-selective
chemical-mechanical polishing (CMP) are used to bring the structural layer back
to its original thickness (e). Finally, HF etch (f) is used to release the vibrating
structures. The process can be finalized with a wafer-level vacuum sealing step
as discussed in [76].

1.5 Nonlinearities in Signal-Processing Applications

After the above introduction of capacitively-coupled MEMS resonators as well as
their mechanical (5) and electrical (11a) sources of nonlinearity, typical figures
of merit of linearity, used in signal-processing applications, are discussed in what
follows for future reference. Noise properties of MEMS resonators [79-81] that
also are of central importance in signal processing are left outside the scope of
this work.

Typically, for a narrow transducer gap, the capacitive nonlinearity is the dom-
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inant source of distortion. Odd-order nonlinearities are especially detrimental as
they can lead to unwanted frequency components at a desired-signal frequency,
wp. For example, cubic mixing of two fundamental signals, having frequencies
wy and wsy, results in third-order intermodulation (IM3) products at frequencies
2w — wy and 2wy — wy. This is easily seen [82] with a signal

Tin = Aj coswit + As coswsat (13)

at the input of a nonlinear system for which the response can be modelled as a
third-order polynomial

2 3
Tout = O + 0 Tin + Q2Tf, + Q3T (14)

Here we ignore any nonlinearities of higher than third order, although, in practise,
they can also be important. Inserting (13) to (14), one obtains

1
Tous = 7 [0 + 200 AT + 205 A5 +

+ ( + 3az A} + 6043A1A§> cos(wit) +

+ (4a1A2 + 3z A3 + 6043AfA2) cos(wat) +

+ 20 A7 cos(2wit) + az AT cos(3wit) + (15)
+ 20 A3 cos(2wat) + az A3 cos(3wat) +

+ dan Ay Ag cos(wit — wat) + dan Ay Ag cos(wit + wot) +

+ |33 AT Ay | cos(2wit — wat) + 3ag Ay AL cos(2wat — wit) +

+ 3ag AT As cos(2wit + wat) 4 3az Ay A cos(wit + 2wot)] .

The boxed, underlined and overlined terms of (15) are referred to in what follows.
If vy = wop+Aw and wy = wo+2Aw, the IM3 product at 2w; —ws is at wy corrupting
the desired signal at that frequency. In the following, we introduce the commonly
used measures of nonlinearity: third-order intercept point, 1-dB compression and
harmonics.

Third-Order Intercept Point: The third-order intercept point (IP3) is typ-
ically defined as the crossing point of the linear extrapolations of the small-
amplitude IM3 signal at 2w; — wy and a fundamental two-tone test signal at
wy or we (with A; = As) in the device output. The signal level at the input, cor-
responding to IP3, is termed IIP3. Setting the boxed amplitudes in (15) equal,
one obtains for the IIP3 amplitude Afp; = 4|a;|/(3|as|) [82]. Using the same
boxed terms of (15) but the first one for a desired signal, zs, = Agy cos(wot),
and the second one for interference (13) with A; = Ay = Ay, one finds for the
signal-to-intermodulation ratio (SIR) at the output of the system
Asig Psig

SIR = A%IPSAT = Pues [ 57 (16)

int int
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where the last result is expressed in terms of the signal and interference powers at
the input. The result (16) is valid also for frequency selective components, such
as filters, provided that the IP3 definition is modified as being the crossing point
of the linear extrapolations of the IM3 output signal and a wanted output signal
when the wanted signal has the same input magnitude as the interferers and is
located at the passband center.

1-dB Compression: Typically, the coefficient ag for the third-order term in
(14) is negative and thus the gain of the system decreases for increasing signal
amplitudes as seen in the amplitude of the cos(w;t) term in (15). The 1-dB
compression point is defined as the input signal level for which the gain has
decreased by 1 dB. The corresponding amplitude, A4, can be solved using
the underlined terms in (15) (A = 0). The linear gain for the signal with
amplitude A; is a; while the compressed gain is a; + %@3A%. Thus Ay4p is found
by solving [82]

20log = 20log|ay| — 1 dB. (17)

3

Consequently, in terms of powers, one finds a useful relation between the intercept
point and compression

Piag ~ Pp3z — 10 dB. (18)

If Ay > A, gain for the weaker signal follows from the overlined terms in (15)
and the compression point is found as in (17) but with the % replaced with %
One finds

Piag ~ Pyups — 13 dB, (19)

where Pigp denotes the power level at which gain for a much weaker signals is
reduced by 1 dB.

Harmonics: The amplitudes of the second and third harmonics (zl, and z!I)
with respect to the fundamental term (2 .) are also easily obtained from (15).

In particular, one finds that the third harmonic can be related to Pjps3 as

xIII
FIII =20 10g10 (x(l)ut) =2 (Pl - PHP3) —10 dB, (20)

out

where P; is the power corresponding to the signal amplitude A;. For example,
for the GSM mobile terminal with maximum transmit power of 33 dBm, it is re-
quired that the third harmonics in TX remain below -30 dBm [83]. Consequently,
ignoring antenna and switch losses, one needs for the power Pjps, according to
(20), Prps > 60 dBm. With the switch losses and the antenna efficiency taken
into account, the minimum acceptable Pjp3 is accordingly raised.
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1.6

Objectives of the Work

The objective of the work is to contribute to the progress of reducing the size, price
and power consumption (increased operation time of battery-powered devices)
of communication systems by wider utilization of MEMS components. Both
replacement of components, such as filters, in conventional radios and devices
enabling novel radio architectures are to be considered. The research questions
of the work are:

1)

In order to use capacitive MEMS resonators for front-end filters in wireless
radio receivers as suggested, for example, in [15], what are the requirements
for the central parameter values such as supply voltage, transducer gap and
resonator quality factor?

What are the possible obstacles of commercially using MEMS resonators
for filtering at UHF frequencies?

How to systematically design MEMS filters to meet filter specifications of a
communication system such as GSM [83], concentrating, in particular, on
intermodulation distortion [84] and on insertion loss?

What are the central tradeoffs in filter properties that affect the design?

Instead of replacing conventional RF components with MEMS devices, can
more be gained through a redesign of the radio architecture? What special
requirements do MEMS filters set for the overall system?

How can low-loss acoustic propagation in single-crystal silicon be used for
novel time-delay components and delay-line radio architectures?
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2 Designing MEMS Filters for RF Applications

In radio systems, micromechanical filters have been suggested for bandpass fil-
tering in the receiver front ends either at RF or IF frequencies. In contrast to
conventional acoustic SAW and FBAR filters that pass the entire RX band, their
MEMS replacements are often thought to have a narrower passband. This is
enabled by the high quality factors of MEMS resonators that are achievable by
utilizing low-loss single-crystal materials and vacuum packaging. For example,
capacitively-actuated MEMS resonators with quality factors of ¢ > 100000 at
10 MHz [8] and @ > 10000 at 1 GHz [37] have been reported. Consequently, one
needs tuning of the filter passband or a bank of switchable filters with different
center frequencies to cover all the RX channels of the communication system as
discussed in [15] and in Sec. 1.1. A central challenge of MEMS filters is to obtain
a low-enough mechanical impedance for acceptable insertion loss. Consequently,
for bias voltages that are practical for mobile devices, maximizing the resonator
quality factor and minimizing the transducer gap become of primary interest
although they increase the nonlinear distortion of the device. In this thesis, a fil-
ter design approach that takes both insertion-loss and intermodulation-distortion
requirements into account is developed.

2.1 Filtering with a Single Resonator

Usage of a mechanical resonator, with mass, m, spring constant, k, and dissipation
constant, 7, as a bandpass filter for capacitively-coupled electrical signals with
voltage bias is schematically shown in Fig. 8. The load impedance is denoted by
Zp, the source impedance by R,. and Z = wu/i; is the small-signal impedance
seen when looking into the input transducer. The resonator mass is grounded
and the bias voltage, V, is connected to the mechanically stationary electrodes of
the parallel-plate transducers. The transducer area is A and d is the width of the
gap with the resonator at its rest position. As the resonator mass is displaced by
x, the transducer capacitances become

C
01:1+;/d:00[1—5+52—53+...} (21a)
ng1_C;/d=00[1+§+§2+§3+...], (21b)

where Cy = €gA/d is the rest capacitance (x = 0) and £ = x/d is the normalized
displacement. With the electromechanical coupling coefficient defined as n =
CoV/d and the spring constant as k. = nV//d, the small-signal electrical-equivalent
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Figure 8: Micromechanical resonator operating as a single-stage band-pass filter for
capacitively-coupled signals with unsymmetric (a) and symmetric (c) bias. In (b) and
(d), the corresponding electrical-equivalent small-signal models are shown.

parameters in Fig. 8 (b) and (d) are found as [16,43]

Ry = % (22a)

Lo = % (221b)
772

Cny = 5= Ny (22¢)

where N is the number of transducers (N = 1 in Fig. 8 (a,b) and N = 2 in Fig.
8 (c,d)). With these definitions, the coupling coefficient, 7, is included in the
values of the equivalent resistance, inductance and capacitance. Alternatively,
the coupling can be modelled with a transformer [43]. In App. 5, details of the
derivation of the equivalent circuits are explained. With only one transducer
(N = 1), the transducer area can be larger than for N = 2 resulting in a better
electromechanical coupling and lower R,,. For example, for the plate resonator
of Fig. 3 (c), all the four faces can be used for actuation. However, as in filtering
and delay-line applications it is important to eliminate the direct electrical signal
propagation through Cj between the input and output ports, it is better to use
two capacitive transducers (N = 2), one for input and one for output, and connect
the resonator to AC ground potential as shown in Fig. 8 (¢, d). Consequently,
in what follows, we mainly concentrate on the two-transducer approach of Fig. 8

(c, d).
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Forces F} and F} in Fig. 8, exerted on the moving mass, are found with (11 a)

as
1, Co/d 1 C

Fr==3 f(li/oa=—§<V+“‘“8>270[1—2f+3€2—4f‘°’+---} (232)
1, Co/d 1 C

Fy = §U§(1f/§)2:§(V—uL)27°[1+2§+3§2+4§3+...}. (23b)

Here U; are the voltages across the transducers (U = V+u—uzand Uy = V —up),
us = 11 R, 1s the voltage drop in the source resistance and u; = 154, is the load
voltage as indicated in Fig. 8. The currents i; and iy in Fig. 8 (c,d) are

. dQl . d(ClUl) . . . aCI .

W= =g = Cr(t — tg) + (V +u — uy) 5 & (24 a)
. dQy  d(Cyly) . 0Cs |

== = Cotir, + (V —uy) o L (24D)

where the derivatives of the capacitances are the same as for the forces in (23 a)
and (23b). Equations (23a)-(24b) and the equation of motion of the resonator
form the basis of the calculations in this thesis.

2.2 Multi-Stage Filters

Multistage MEMS filters can be composed, for example, by coupling resonators
in series with mechanical springs [15, 16], by using shunt capacitors or active
buffers [12] or by using direct capacitive coupling between the resonators [13].
The spring coupling [15,16] has the same electrical-equivalent representation as
the shunt-capacitance-coupled filter [12] which is shown in Fig. 9 for two stages.
Here Cgyq is the inter-stage coupling capacitor.

ml RmZ Lm2 C

u Rac i le Lml C m2 i
C I:I 1 . + I:l 2
— :[i CO = . E 0 :E ZL —

COI I :[:CO C

C

Figure 9: A two-stage MEMS filter where the inter-stage coupling is done with the
shunt capacitance Cgyg.

2.3 IM3 for MEMS Filters

The intermodulation properties of capacitively-coupled single-resonator MEMS
filters are solved in closed form in Publications I-II and the theory is generalized
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kx + kyx? + kp?

Figure 10: Filter circuit of Fig. 8 (c) simplified for intermodulation analysis.

for higher-order filters in Publication III and [3]. We consider the circuit of
Fig. 8 (c¢) with R.,. = Z; = 0 as shown in Fig. 10. Nonzero source and load
impedances will be included afterwards as done in Publication III. Furthermore,
for generality we include mechanical spring nonlinearities up to third order with
(5). The equation of motion of the resonator in Fig. 10 up to third order in the
small parameters, u = u/V and £ = z/d, is found with the forces of (23a) and
(23b) as

2

é+%é+@0£ = —wia+ 15252—2a§+% — (4—ks) & + 3u” — 525] = [. (25)
Here, the following definitions are used: @y = /k/m, Q = Vkm/y, w. =

Vke/m, ky = dky/k. and ks = d?ks/k. with k = k — 2k, k. = nV/d and
n = CyV/d. The output current is found from (24 b) as
S :
ZE5277(14-254-352—1—453—1—...)5. (26)
1 !
Taig i) i
S1g 9" IM3 IM3
In (26), we have indicated the terms that contribute to the signal and the inter-
modulation currents at the fundamental frequency, wy.
The desired signal, g, at the resonance frequency, @y, and an interfering
signal, U, at the filter input are now taken as

ﬂfsig = asig’o COS (:)Ot, (27&)

Uint = Wint,0 (oS wit + I'ipg cOs wot) | (27b)
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where w; = @y + Aw and wy = Wy + 2Aw such that a third-order intermodulation
product of (27b) is at the desired-signal frequency, wy. The frequency separa-
tion of the interferers is denoted by Aw. A possible difference in the interferer
amplitudes is taken into account with I'j,.

The output signal current, iy, in (26) is found by first obtaining the linear
signal motion, &g, from (3) with a force, Fy, given by the excitation (27a) in
(25) as Fsig = —wzﬂsig. Similarly, linear resonator motion, &, at the interferer
frequencies, w; and wy, is found from (3) with a force, Fj,, given by (27b) in (25)
as Bl = — wfﬂim. The intermodulation currents, 51(1\1/[)3 and 51(1\2/[)3, in (26) at @y due
to the interference (27b) are obtained in Publication II by approximately solving
the nonlinear equation of motion (25).

The signal-to-intermodulation ratio (SIR), defined as the ratio of the signal
current, iy, to the total intermodulation current, ijys = iy + i1rls, i given in
Publication II for a general case. For practical usage in filter design, it is more
convenient to consider SIR in the limit of () — oo that becomes valid as soon as
the interferers are well outside the passband of the filter. We find

SIRg .. = 16| Aw (W + Aw) (2p + Aw)? ’ (25)
9AW* + 28Aw® @y + 2Aw*(10@E — 9w?) +

— 24Aww? @y + 3(4 — ka)w; | Tine™® 0, w2
where I' = Uint 0/ Usigo 1S the interference-to-signal ratio at the filter input. As
(28) contains odd powers of Aw, it is asymmetric around the resonance predicting
different SIR values for interferers below the resonance and interferers above the
resonance.

Another important limit is when the interferers are inside the filter passband
(Aw — 0). This is relevant, for example, when signal self distortion is considered.
In terms of the ITP3 voltage, we have with I'y,, = 1 (Publication I)

Ugmpa s = 1 / \/ [3(1—ks/4) p* + p/4]" + 9pt/4, (29)

where p = Qw?/w? = k.Q/k. The corresponding SIR is found from (16).

The theoretical results are compared to measurements and numerical simu-
lations in Publication II. A good accuracy of the theory is found as shown, for
example, in figure 11 for the square-extensional-mode plate resonator of Fig. 3
(c). The resonator is fabricated on a silicon-on-insulator (SOI) wafer with the
narrow-gap process of [76] (see Sec. 1.4.2) and it has a size of 320 pym x 320
pm X 10 pm (thickness of the SOTI device layer is 10 um). For other details, see
Publication II. For signal input and output, two parallel capacitive transducers
on opposite sides of the plate are used. Each transducer corresponds to one of
the four forces shown in Fig. 3 (c). For example, for input, the transducers are on
the left- and on the right-hand side of the plate while the output transducers are
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Figure 11: Signal-to-intermodulation ratio as a function of interferer frequency sepa-
ration for the square-plate resonator of Publication II that is schematically illustrated
in Fig. 3 (¢). Simulated behaviour (black curves), general analytic result of Publication
IT (blue curves), analytic result in the limit Q — oo (28) (red curves), in-band limit
(29) (dashed line), and measured results (large dots) are shown. The thin curves are
for Aw < 0 while the thick curves are for Aw > 0.

located below and above the plate. A bias voltage is brought to the stationary
transducer electrodes while the resonator is grounded. The electrical-equivalent
model for the resonator is as shown in Fig. 8 (d) but with a 180° phase change
in the output current due to the in-phase motion of all the faces of the plate
resonator.

The measurements are done with the MEMS resonator and a JFET (junction
field-effect transistor) preamplifier in vacuum using a —50-dBm desired signal
(corresponding to a 50 € source impedance) at the resonator input at the reso-
nance frequency of wy and considering two 0-dBm interferers at w; = @y + Aw
and wy = Wy + 2Aw. The simulations are done in Aplacl circuit simulator using
harmonic balance [85]. As seen in Fig. 11, the infinite-Q) limit of (28) becomes
valid as soon as the interferers are outside the resonator passband. Also, as pre-
dicted by the theory, at the intermediate frequencies of 50 Hz < |Af| < 1 kHz we
observe that the SIR is much lower for interferers below the resonance (Aw < 0)
than for interferers above the resonance (Aw > 0). This difference is at great-
est when the interferer frequencies are close to the 3-dB-passband edge of the
resonator. Within the passband, the in-band approximation (29) becomes valid.
The excellent agreement between the analytical, simulated and measured results
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verifies the theory for weakly coupled (R,, > {Rac, Z1}) single-stage capacitive
MEMS filters.

The previously reported experimental IM3 results [84] for Aw < —wy/Q are
in good agreement with (28). For example, assuming that the spring constant
of the clamped-clamped-beam resonator of [84] can be approximated by a point-
force result [86], (28) and (16) give the same IIP3 voltage as reported in [84]. On
the other hand, for Aw > 0 as well as for the interferers close to the passband
edge, results of Publication II and (28) differ from the analytical result of [84].

2.4 Generalization of the IM3 Theory

With source and load impedances that are large enough to not be ignorable,
a parellel-to-series impedance transformation is utilized as shown in Fig. 12 for
a single-resonator MEMS filter. Here the load impedance is represented by a
resistance Rj; and capacitance C7, in parallel. Loading of the resonator due to
the source and load impedances can now be taken into account by using a loaded
dissipation and spring constant

v =n*(Rm + Rs + R}) (30a)
E=n"(1/Cn+1/Cs+1/Ch), (30Db)

to find a loaded quality factor, @' = v k'm/+', and resonance frequency, v’ =
Vk'/m. The series-equivalent resistances and capacitances of Fig. 12 in (30a)
and (30b) are (see, for example, [87])

R
R, = ac 31
5 (Raew'Cp)? + 1 (31a)

’ Cg [(Racw/C(])Q + 1]

= 31lb

S (RacW,CO)Q ( )
Ry,

[RLLU/(CO + CL)]2 +1

(Co + Cp) {[Rew'(Co + Cp)* + 1}
[RUU'(CO + C’L)}2 .

R} =

(31c)

CL =

(31d)

In addition to using the loaded quality factor, ()’, the Thévenin-equivalent input

voltage
1

X ———————
1+ jw'CoRac

must be used in order to be able to utilize the unloaded SIR and IIP3 results (28)
and (29) for tightly-coupled filters.

(32)

u =u
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Figure 12: Parallel-to-series impedance transformation for a single-stage MEMS filter.
For example, u and R,. can model an antenna while Cr, and Ry, represent an LNA input.

For filter design, (28) and (29) can be further simplified by assuming that: i)
the pass-band desired-signal frequency is much higher than the frequency separa-
tion to the interferers present in the filter input, ii) the bias voltage is much lower
than the electromechanical pull-in voltage, and iii) mechanical spring nonlineari-
ties can be ignored as much weaker than the capacitive transducer nonlinearities.
With these assumptions we find from (28)

8 |Aw|w’ " V2 Py
502 RiDi \| PP

int

SIR =

(33)

The AC-source powers for the signal and interference are Py, = ugig (2R,.) and
Py = u?,/(2R..), respectively. When the interferers are inside the passband, we

have from (29) and (16) generalizing to 'y # 0
1 V2 P
X / T P3 ’
\/ (6% +p/2) +opt s T

int
where p = QW2/w” = Q k. /K.

In Publication III, it is shown that as SIR(Aw) — SIR(—Aw) for out-of-
band interferers with |Aw| — o0, (33) becomes valid. Furthermore, outside
the passband the single-resonator result (28) is also valid for higher-order filters
as well as for the tightly-coupled filters provided that the loaded quality factor
and the Thévenin-equivalent input voltage of (32) are used as discussed above.
Intuitively, this is to be expected as for the out-of-band interferer frequencies,
the resonator impedances are high and the resonators are therefore only weakly
coupled. Furthermore, as typically the capacitive nonlinearity is much stronger
than the mechanical spring nonlinearities, the transducers effectively set the 1IP3.
Moreover, except close to the passband edge, the force nonlinearity of the first
transducer is the dominant source of intermodulation (Publication IT).

For in-band frequencies, the IIP3 for higher-order filters depends on the chosen
desired-user frequency within the passband. However, the single-stage approxi-
mation is still a good order-of-magnitude estimation (Publication III).

SIRyp = (34)
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2.5 Design Principles of MEMS Filters

In what follows, we derive design criteria for the resonator dimensions, trans-
ducer gap, () value and bias voltage from specified in-band and out-of-band filter
attenuation and maximum distortion. The criteria yield a systematic procedure
to design MEMS filters for communication systems. We focus on receiver (RX)
applications.

Out-of-band attenuation: For minimum performance, the filter should sup-
press the interferers situated outside the systems RX band to the same level as
the strongest interferers within the RX band. If this is achieved, the linearity re-
quirement for the LNA and mixer are set by the in-band interferers that normally
are not affected by band-select filtering. Denoting the minimum attenuation at
frequency w with respect to the desired-signal frequency, w’, as A, the mini-
mum required loaded in-circuit quality factor can be found. For the single-stage
MEMS filter, this leads to

\/Amm (w/w')?
N |1— w/w) |

Qinin' (35)

Increasing the filter order makes the stop-band response a steeper function of
frequency and thus a lower quality factor for the resonators is sufficient at the
cost of higher insertion loss.

Out-of-Band Intermodulation: The weakest signal, with power Py,, to be
detected in the presence of interferers, having powers Py at w'+Aw and w'+2Aw,
leads to requirements for intermodulation performance. Typically, this is specified
with the minimum SIR (SIR,,;,) that the filter needs to satisfy in its output in
order to meet the target for the overall systems carrier-to-interference (C/I) ratio.
Requiring the SIR to be greater than or equal to the minimum SIR,;, gives from
(33)

5 € A p3
d® 4 (e0Aw'Ro)?d > = Rae Ting STRmin mt, (36)
8 m |Aw|w \| Pag

which can also be used for higher-order filters as discussed above. Thus in order
to meet the performance requirements given as SIR,;,, there is a minimum value
for the gap.

In-Band Loss: The passband voltage gain, Gy = 2uy/u, is easily found using
the circuits of Fig. 12 and assuming n identical filter stages. Requiring that the
passband voltage gain is larger than a specified minimum acceptable value, Gy,
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a lower limit for QV? is found as

QV2> nd'y/km . (37)

) 2 |14JW'CLR
(c04) {w’C”LGmin|1+jw’CgRac| s =1,

Thus, after choosing the gap, d, the unloaded quality factor, ), and the bias
voltage, V', need to be chosen to meet the insertion loss specifications. As the
unloaded quality factor is usually determined by material properties, effectively
this gives a requirement for the bias voltage. It is to be noted that with a dom-
inantly capacitive termination (|1/w'C}| > R}) it is possible to obtain voltage
gain as the filter acts as an RLC impedance transformer.

In-Band Intermodulation: The in-band intermodulation is estimated from
(34) by considering the i) signal self distortion and ii) in-band interferers. How-
ever, typically the out-of-band interferers give more stringent linearity require-
ments. Therefore, after choosing the filter parameters, it is usually sufficient to
check that the filter meets the in-band specifications. If these are not met, then
the filter gap should be increased and the design adjusted accordingly.

2.6 Design Example

In the following, the usage of the above results is illustrated by a single-stage
MEMS front-end filter design for f, = 1 GHz with requirements of GSM 900
mobile device. The simplified specifications are shown in Table 2. These should be
considered as exemplary performance requirements and a realistic system design
may set a more or less stringent goals.

Table 2: Simplified RX front-end filter requirements for GSM 900 [83].

Specification Comment
SIRmin 12dB | — (36)
Gmin -3dB | — (37)

Amin(f — fo=10 MHz) | 23dB | — (35)
to be met with:
Fig -99 dBm | Signal
Ppni(Af =0 Hz) -49 dBm | In-band interferer
Pt (Af =600 kHz) -43 dBm | In-band blocker
Pt (Af =10 MHz) 0 dBm | Out-of-band blocker
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resonator

electrodes

electrode ' —»

Figure 13: Test geometry for resonator design showing the resonator surrounded by
the electrodes. The dotted line indicates the vibration mode shape in extended state.

Resonator geometry: Several structures have been utilized in MEMS microres-
onators such as bending and stretching beams (see Fig. 3) as well as bulk-acoustic
circular [39] or square [8] plates or ring resonators [37]. In order to reach UHF
frequencies, micromechanical bending-mode resonators are unpractical since the
fundamental frequencies are at HF range (< 30 MHz) and coupling to harmonics
of high order is difficult. Bulk-acoustic circular or square plate resonators can
have the first vibration mode at VHF range and the second or third harmonic
already at ~ 1 GHz [39]. Alternatively, one can utilize the fundamental bulk-
acoustic mode of a thin bar or ring for which a very high quality factor is reported
in [37]. Above 1 GHz, however, the thickness of the bar becomes only few mi-
crons and can easily be limited by fabrication accuracy. As in Publication III,
we consider here the bar and ring geometries, shown in Fig. 13, to illustrate the
usage of the design equations developed in Sec. 2.5. Other resonator structures
can be treated in a similar fashion.

The resonating dimension of the bar in Fig. 13 is x = \/2 = v/(2fy) ~ 4pm
for fo = 1 GHz. Here v = 1/Y/p is the bulk-acoustic wave velocity with p = 2330
kg/m? the density and Y = 168 GPa the Young’s modulus of silicon. The bar
can also approximate the ring geometry of [37], shown on the right-hand side of
Fig. 13, when the ring radius L/(27) is much larger than the ring width z. The
capacitive transducers at both sides of the resonator have an area of A = H L and
a rest capacitance of Cy = ¢gH L/d. The mass and spring coefficient are now [34]

m = pLzH/2 (38a)
k= Y LH/(2). (38D)

We consider a typical thickness of the SOI device layer of H = 10 um after which
the resonator length L is varied to find a good geometry. For square plate, instead
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of (38a) and (38b), one would use mgy, = pHL? and kg, = m*Yop H, where Yap is
the effective elastic modulus for the extending plate [8].

Minimum quality factor: From the minimum requirements for the interference
attenuation in Table 2, one obtains with (35) a value of @, = 700 for the
minimum loaded quality factor. For channel-select filtering in GSM 900, the
passband is 200 kHz corresponding to a much higher in-circuit quality factor of
Q" = 5000, which would also be enough for A,;, = 40 dB at 10 MHz off the
passband in (35) as is typically satisfied by commercial FBAR filters. As higher
() values enable lower bias voltages for the same insertion loss (37), we set the
unloaded quality factor to @ = 2000, which could be feasible [37], resulting in an

unloaded 3-dB bandwidth of 500 kHz.

Minimum gap: The intermodulation requirements set the minimum value for
the gap. In Publication III, the filter design is considered with two 0-dBm out-of-
band blockers of Table 2 at 10 MHz and 20 MHz off the passband edge. Conse-
quently, the gap minimum is found to be in between 10 nm and 100 nm depending
on parameter values. Here we consider only one 0-dBm blocker of Table 2 to-
gether with an in-band interferer at fo + 5 MHz with a power of -49 dBm. In
this case (36) yields the lower limit for the gap to be as low as ~ 1 nm. As the
gap width is more likely to be limited by the fabrication technology, we consider
d € {10,30,90} nm in what follows.

Load impedance: In Publication III both resistive and capacitive filter ter-
minations are analyzed. It is shown, in particular, that the requirements of
low-enough bias voltage, good linearity and low insertion loss are difficult to be
met for battery-powered devices if the conventional resistive 50-€2 source and load
termination is to be used. As a capacitive termination enables voltage gain in
the filter and thus a lower insertion loss than for a resistive load with the same
bias voltage, we consider here only a capacitive termination with R;, = 1 M{Q and
Cr = 0.1 pF. Such an environment for the filter could be realized in an integrated
RX architecture where the filter output is directly connected to a capacitive FET
LNA (low-noise amplifier) load (Cp and Ry in Fig. 12) while the filter input is
fed from a resistive source such as an antenna (u and R, in Fig. 12).

Bias Voltage: After setting values for the gap, d, resonator length, L, and the
AC source impedance, R,., the minimum bias voltage can be solved from (37)
as shown in Fig. 14, where the voltage is drawn as a function of the resonator
length for different values of the transducer gap and the source resistance. For
low-voltage operation, the gap has to be well below 100 nm. For example, the
design marked with the circle in Fig. 14, for which d = 30 nm, R,. = 50 € and
L = 200 pum, needs a bias of 12 V. Other parameters for this filter solution are
given in Table 3.
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Figure 14: Minimum bias voltage meeting the insertion-loss specification (37).

Table 3: Exemplary filter design that is marked with a circle in Fig. 14.

fol[GHZ |1 [Rn|[2 [560]@Q 2000
H | [pm] 10 | R, M1 [ @ 1840
L | [pm] 200 | Cp | [pF] | 0.1 | Vi (12a) | [V] | 420
k| [MN/m] | 390 || Rac | [€] 50 || Gv [dB] | -2.5
m | [fg] 99 |V | V] 12 | SIR (33) [dB] | 99

d | [nm] 30 || Co | [fF] 590 || SIRig (34) | [dB] | 110
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3 Acoustic Transmission Lines

Acoustic transmission lines have been utilized in several applications. For ex-
ample, in wireless passive SAW RFID tags and sensors, the transmitted data is
coded into a multitude of reflections of a SAW pulse that is generated (in re-
sponse to a received radio pulse) and detected by an antenna connected to a
SAW chip [88]. In these applications, long acoustic delays and short transmission
distances guard against interference from multipath radio propagation. In radar
systems, delay lines are used, for example, to create a delayed replica of the trans-
mit signal to correlate it with the received signal reflected from the target [89],
to compensate for phase errors in FMCW radars [90], or to simulate a target. In
delay-line oscillators, long delay stabilizes the frequency and suppresses off-carrier
phase noise [91-93]. Delay-line based information processing has been applied,
for example, to implement convolution [94]. Analog delays are also proposed for
novel ultra-wideband receivers [95]. In video systems, delay lines are used, for
example, in event recorders and action replay. In this work a capacitively-coupled
bulk-acoustic microsized transmission line is analyzed and a new MEMS delay-
line structure for long time delays, consisting of a chain of coupled resonators, is
introduced.

3.1 Bulk-Wave Wavequides

An acoustic transmission line for high frequencies is obtained when the mechanical
resonator of Fig. 8 (¢) is replaced with an elastic continuous medium obeying the
wave equation as shown in Fig. 15. Here longitudinal bulk-wave propagation is
utilized for signal transmission in an electrostatically-coupled microsized silicon
rod of the kind analyzed in detail in Publication IV. In Fig. 15, the wave equation
for the mechanical displacement y along the rod is

Py(x.t) _ ,0%y(,t)

— L =2 t>0, xel0,Ax], 39
where ¢* = Y/p with Y being the Young’s modulus and p the density of the rod
material. The boundary conditions are

dy(z,1) _ R y(z,t) _
O AY O AY

=0 z=Ax

(40)

where Fy and F} are the electrostatic forces of (23a) and (23 b) of the input and
output transducers, respectively.

Solving the wave equation as is done in Publication IV, allows one to identify
the input impedance in Fig. 15 as Z = Zy||Zem, where Zgp, for small k. obeys the
standard transmission-line equation [96]

7 — 7 Zr + Z.tanh (jfAx)
T Z, + Zptanh (j3AT)

(41)
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Rod with a traveling
acoustic wave

Figure 15: Schematic representation of a setup where an electric signal is transmitted
through a micromechanical rod as an acoustic plane longitudinal wave.

where 8 = w/e, Z. = AY/ (cn?) and Zr = Zy||Z;. The mechanical losses can
be included in (41) by substituting j3 with j3 4+ a where « is the attenuation
coefficient [96,97]. For zero reflection at the output, one needs Zr = Z., which

gives with (41)
AY AvpY d*\/ pY
cn? n? A(eOV)2 '

Zom = Ze (42)
Here Ay/pY is the mechanical characteristic impedance of the rod [98]. The
corresponding matched load impedance is Z;, = (Z.||Z). Thus Z. can be seen
as an electrical characteristic impedance of the acoustic waveguide.

For practical realisation of the MEMS waveguide, impedance matching is a
challenge. This is because the weakness of the capacitive coupling makes the
characteristic electrical impedance, Z,, in (42) extremely high. As (42) shows, Z,.
can be made smaller by having a smaller gap, d, softer or sparser rod material
(smaller Y or p), a larger area, A, higher-permittivity material in the gap or a
higher bias voltage, V. On the other hand, the maximum displacement of the
end of the rod is limited by pull-in. For example, for a silicon rod with ¥ = 168
GPa, p = 2330 kg/m?, A = 10 x 100 (um)?, d = 100 nm and V = 100 V, one
finds Z, = 2.5 MQ while the lower limit for Z., given by pull-in, is 2.1 MQ (see
Publication IV) for a 1 mm long rod.

3.2 Resonator Chains

A capacitively-coupled spring-mass-chain waveguide of Publications V and VI,
shown in Fig. 16 without dissipation, is composed of elementary resonators that
can be modelled with two identical moving masses, m, that are coupled with a
spring of strength k. and anchored to a stationary support with springs of strength
k.. Except for the ends, the chain is periodic with period a. The waveguide can
be seen as a high-order bandpass filter [15,16] with identical stages. Using a
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Figure 16: (a) An elementary two-mode resonator with (b) symmetric and (c) anti-
symmetric eigenmodes. (d) Delay line consisting of capacitive input (left) and output
(right) transducers with gap d and a chain of coupled resonators. Except for the ends
of the chain, the waveguide can be modelled as shown in (e). Losses are not indicated.

weak inter-stage coupling spring, much lower characteristic impedances can be
obtained than for the solid-rod waveguide of Sec. 3.1. However, not as high
signal frequencies can be used than with bulk-wave propagation. In what follows,
damping is not considered in the analytical work but is included in the numerical
simulations.

The elementary resonator of Fig. 16 has two fundamental modes of vibration
with resonance frequencies

s — - 4
w - (43 a)

[2k, + kq
wo = 4 et Ha (43D)
m

In the symmetric mode with resonance frequency ws (43a), the masses move
in phase while in the antisymmetric mode with frequency w, (43b), there is
a 180° phase difference between the mass motions. A useful parameter is the
ratio of the strength of the anchoring spring, k,, to that of the coupling spring,
ke, determined as K = k,/k. = 2/[(ws/ws)* —1]. For a particular resonator
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Figure 17: Dispersion relation for the anchored spring-mass chain of Fig. 16.

geometry, the ratio of the resonance frequencies is obtained, for example, from
FEM eigenmode analysis or from measurements.

A periodic chain of coupled resonators can vibrate and carry signals at fre-
quencies consistent with the dispersion relation, w(k), that gives the frequency,
w, as a function of the wave vector, Kk = 2w /A, where X is the wavelength. For
the anchored chain of Fig. 16, the dispersion relation is found as a generalization
of the familiar text-book result for periodic unanchored (free) chains [99]. One
obtains for the anchored chain

w(k) = 2]\41% V/1—cos(ka)+ K, (44)

where M = 2m + my is the total coupled-resonator mass, a is the period of the
chain and the wave vector, k € [—m/a,m/a], is restricted to the first Brillouin
zone [99]. The dispersion relation (44) is illustrated in Fig. 17. As opposed
to the low-pass character of free chains, the nonzero k, forbids zero-frequency
oscillations and results in passband response.

Group velocity for signal propagation along the chain is found from (44) as
v, = Ow/0k, and it is seen to differ from the phase velocity vy, = w/k. For the
center frequency wy = 27 fy and bandwidth Aw = 27 A f of the line one finds

T 2k,

WOZW(%) =\ 7 K+1 (45a)
Aw:w(g)—wm):\/%(\/f(m—\/f). (45b)
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Figure 18: Electrical-equivalent model for the spring-mass-chain transmission line in
Fig. 16 for center-band operation.

At the center of the passband, one obtains for the phase and group velocities

0 W 2 2k,
Uph: Ewo = ? M K"’l (46&)
Oow a [2k 1
W= 2 = = (46 Db)
Ok, 2VM /K41

illustrating clearly the dispersive character of the spring-mass chain.

Solving for the propagation constant xa in (44) and expanding its square as
a power series with respect to w? around the passband center frequency, allowes
one to identify the elements of the electrical-equivalent circuit of the transmission
line as depicted in Fig. 18 (see, for example, [100]), where

L,=4 (47a)
U
_ iy’
G = 2k, [r(1+ K) — (7/2)?] (47b)
7'('7’]2
C, = T (47¢)

Consequently, one finds for the characteristic impedance of the line

Zo= |2 = VKM (15)
Yo n2/2(K +1)

where Z, = jwLs+1/(jwCs) is the series impedance and Y, = jwC), is the shunt
admittance in Fig. 18.

Increasing the strength of the anchoring spring, k,, with respect to that of the
coupling spring, k., increases the center frequency (45 a) and phase velocity (46 a)
while decreasing the bandwidth (45b), group velocity (46b) and the character-
istic impedance (48) that, typically, is much higher than 50 Q with electrostatic
coupling. Furthermore, for higher K, the variation of the group velocity as a
function of frequency at the band center is reduced. For good signal coupling
and long delays, it is thus desirable to have K as high as possible.
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Figure 19: (a) Schematic of a resonator-chain design with an elementary tuning-
fork resonator having symmetric and antisymmetric eigenmodes. Here, in particular,
w =5 pum, wy =15 pm and L = 50 pm. (b) SEM micrograph of a fabricated structure.

3.2.1 Measurements of Test Structures

The theory for the spring-mass-chain transmission lines is validated in Publi-
cation VI with measurements of fabricated narrow-gap waveguides of various
lengths having different resonator structures. Figure 19 illustrates one of the
designs that is discussed in detail in Publication VI. Figure 20 shows a measure-
ment result and an Aplacl) simulation fit for the response of the waveguide of
Fig. 19 composed of 80 elementary two-mode resonators in series with a period
of a = 17.5 um. The numerical result that reasonably well fits the measurement
is obtained by varying the parameters of the device. In particular, one finds for
the quality factor of the elementary resonators ¢ = 8000, spring-constant ratio
K = 8.5 and gap d = 230 nm corresponding to a group velocity of vg =70 m/s
and a characteristic impedance of Z. = 6 M(2. The passband ripple and high
loss are due to impedance mismatch at the input and output of the waveguide.
Matched termination would require the source and load impedances to equal the
characteristic impedance. However, practical matching also requires the trans-
ducer (Zy), bonding-pad (Zp.q) and parasitic feed-through (Zy,,) impedances to
be smaller than Z..

3.2.2 Minimizing the Characteristic Impedance

As shown above, the MEMS resonator-chain delay lines enable record high acous-
tic time delays in a given physical size. However, to facilitate matched source and
load termination for the line and to avoid using a differential readout, a much
lower characteristic impedance, well below the pad, feed-through and transducer
impedances, is needed than what was obtained above. As shown by (48) this can
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Figure 20: Measured (a) and simulated (b) response of the transmission line of Fig.
19 with 80 resonators.

be achieved by enhancing the coupling, n, and by strenghtening the anchoring
spring, k,, with respect to the coupling spring, k., (larger K). Reducing the an-
choring height, h, in Fig. 19 to 5 gm, doubling the beam separation (wy — 20um)
and taking the narrowing of the structures in fabrication into account in the de-
sign, a much higher spring-constant ratio of K = 74 is expected. For good signal
coupling, it is also important to design the first and last resonator in the chain to
compensate for the electrical spring softening as well as for the stiffening of the
first and last beams due to the capacitive coupling occuring over the transducer
area as opposed to the point-force inter-resonator coupling along the chain. If, in
addition, the transducer gap is reduced to d = 100 nm, a delay line with a period
of a = 22.5 um, estimated characteristic impedance of Z. = 22 k{2, bandwidth
of Af =185 kHz and group velocity of vg = 13 m/s can be obtained with a bias
voltage of 30 V (V,; =38 V (12a)).

Figure 21 shows the simulated response and group delay for a low-impedance
chain of 80 resonators with reduced pad (Cpaq = 91 fF = Z,.q = 127 kQ) and
feed-through capacitances (Cy, = 8 fF = Zy,, = 1.3 MQ) that are likely ob-
tainable with wafer-level vacuum packaging and IC integration. The transducer
capacitance is Cy = 37 fF corresponding to Z, = 308 k2. Consequently, the char-
acteristic impedance of the transmission line is much lower than Z,.4, Zi, and
Zy as required by good signal coupling. To have a flat group delay at the band
center, resistive source and load termination to Ry = 14 k{2 is used that is some-
what lower than the estimated characteristic impedance of 22 k). Higher pad
and feed-through capacitances result in passband ripple and increased insertion
loss if the characteristic impedance is not simultaneously further lowered.

Figure 22 illustrates a low-power transponder terminal, communicating with
on-off keying, for example, in a low-datarate sensor application. Here, the reader
sends an RF pulse to the sensor in which the pulse is either retransmitted back to
the reader (bit 1) or shunted to ground (bit 0). Utilizing the above low-impedance
design, for a datarate of 80 kb/s, one could use a delay line of 12 us time delay
(chain of 7 resonators) and a time pulse of AT} s = 10 ps.
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Figure 21: Simulated response (a) and group delay (b) for the low-impedance delay
line with 14 k) source and load impedance. In (a) the thick line is for the amplitude
and the thin line for the phase of So;.
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Figure 22: Schematic of a simple delay-line transponder for low-power low-datarate
communication in sensor applications. The switch states in RX and TX are indicated

in the table. Switch 2 is needed to have a proper source and load termination for the
delay line at all times.
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4 Discussion on Frequency Scaling

It is of interest to consider the scaling of the device properties as a function of
frequency. In single-crystal bulk silicon, the attenuation factor at f =1 GHz for
longitudinal waves in the cube-edge direction is a = 1000 dB/m/(201og;, €) ~ f*
[97]. This results in the scaling of the acoustic quality factor as @ = 7 f/(va) ~
/71, where v is the wave velocity [97]. For f = 1 GHz, one obtains Q = 3200
which, however, is somewhat exceeded by the state-of-the-art silicon MEMS res-
onators [37]. Let us now consider three different bulk-acoustic (BAW) resonators
in the circuit of Fig. 12 with a capacitive load: i) the 1D ring resonator of Fig.
13 with only the width x scaling as x ~ f~1, ii) the 2D plate of [8] and Fig.
3 (c) with the lateral dimensions but not the SOI thickness scaling as ~ f~!,
and iii) a 3D resonator for which all the dimensions scale as ~ f~! as consid-
ered in [32]. We further assume that i) the bias and AC voltages, transducer
gap, Ra., Ry > 1/(wCp), and Cf, do not scale with the frequency, ii) the trans-
ducer impedance Z; is much higher than the source impedance R,., and iii) the
bias voltage is much lower than the pull-in voltage. With these assumptions,
we find the scaling exponents of relevant resonator properties that are given in
Table 4. Here the same SIR scaling is obtained both for (33) outside the pass-
band with Aw ~ w/Q and for (34) within the band. Although scaling of the
motional impedance depends on the chosen geometry, the nonlinearity-limited
critical amplitude, z¢ ., [32], pull-in voltage, SIR and voltage gain have more uni-
versal exponents. It is interesting to note that increasing the frequency enhances
SIR but degrades the voltage gain.

Table 4: Frequency scaling exponents of resonator properties.

symbol || & [m [ Q[ Co|n | Ru| woc | Vi | SIR| Gy |
Dring |1 [-1]-1]0 o] 1 [-1/2]1/2] 2 | 2
oplate | 0 |2 |-1]-1[-1] 2 [-1/2]1/2] 2 | -2
3D al3al-2]2] 3 [a2]12] 2 ]2

For the spring-mass-chain delay lines, the frequency scaling can be estimated
based on the clamped-clamped flexural-beam resonator for which m ~ wH L and
k ~ H(w/L)? [32]. Forw ~ L~ f7' He~ foand w ~ L ~ H ~ f7 the
resonator scaling is the same as for the 2D-plate resonator and the 3D resonator in
Table 4, respectively. Assuming that both the anchoring and the coupling springs
of the tuning forks scale as k (keeping the spring-constant ratio K constant), the
group velocity is found not to scale with frequency. The characteristic impedance,
on the other hand, scales as Z, ~ f for H ~ f° while for H ~ f~! we have Z, ~
f2. Thus for higher frequencies, the impedance matching becomes increasingly
challenging, especially if the device-layer thickness needs to be reduced.
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5 Conclusions

Microelectromechanical systems are beginning to provide a competitive alter-
native for many components used in radio architectures of commercial battery-
powered communication devices. Several start-up companies are commercializing
RF MEMS switches, filters and oscillators with the MEMS switch already being
sold by a few companies such as TeraVicta. The MEMS switch has a better con-
tact resistance than, for example, CMOS or GaAs switches but the reliability still
needs to be improved and the voltage levels of capacitively-actuated switches need
to be lowered. The MEMS oscillator offers clear size and integration advantages
compared to conventional quartz oscillators. They are being commercialized, for
example, by Discera and SiTime as well as by VI'T and VTI Technologies. Unlike
a quartz oscillator, however, the MEMS oscillator requires external temperature
compensation. Piezoelectrically-actuated FBAR filters, that often are also con-
sidered as MEMS devices, have already replaced SAW filters in some cell phones.
Focusing on the research questions stated in Sec. 1.6, this thesis has created new
scientific knowledge that is vital for RF MEMS filter design and introduced a new
kind of MEMS delay line that can be used, for example, in time-delay radios.

Filter Distortion: In this thesis, intermodulation properties of capacitively-
coupled bandpass MEMS filters were analytically solved in closed form and the
trade-off between linearity and insertion loss was quantified. The theoretical
results were verified in circuit simulations as well as in measurements. Also me-
chanical nonlinearities were included although, typically for good coupling, the
capacitive nonlinearity is the dominant source of intermodulation. The theory
was first formulated for weakly-coupled single-stage filters and then generalized
to strong coupling (low motional resistance and low insertion loss) and to higher-
order filters. What was not taken into account was the fact that for strong inter-
ferers present within the passband, Duffing effect can result in signal compression
that limits the filter performance.

The obtained formulas are more generally applicable than the previously pub-
lished results. In particular, the results of this thesis showed good accuracy also
close to the passband edge and revealed the unsymmetry in intermodulation
between positive and negative frequency separations of the interferers from the
passband. In [57], an analytical result for intermodulation in a thermally actu-
ated MEMS resonator is given that is in exact agreement with (28) if all terms
other than the one originating from the third-order mechanical nonlinearity in the
denominator are ignored. However, [57] uses an interferometric readout, which is
not suitable for commercial communication applications, and does not consider
insertion loss that is of importance in filter design.

After the analysis, a systematic procedure to design MEMS filters was formu-
lated. The conventional resistive 50-€2 source and load termination was shown to
typically result in a high insertion loss if good linearity is required with low-voltage
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operation. Consequently, it was found desirable to utilize the high resonator () for
voltage gain that is enabled by capacitive load termination at the filter output.
This is possible in integrated receiver architectures, where 50 €2 transmission lines
are not needed between the antenna and the filter and between the filter and the
LNA. With such an approach, MEMS filters could be used to construct a receiver
front-end having a bank of narrow-band (ultimately channel-select) filters with
different passbands to cover all the RX channels as suggested in [15]. Taking also
the noise properties of MEMS resonators [79] into account in the filter design as
well as practical demonstration of the optimized filters are left for future work.
Using dielectric media other than air/vacuum for the electrode gap has poten-
tial in lowering the electrical impedance and thus alleviating the need for a very
narrow gap [14]. The analysis procedure derived in this thesis can be directly
applied for such devices as long as an appropriate value for permittivity is used.

Delay Lines: Usage of electrostatically-actuated longitudinal waves in a silicon
rod for signal transmission was analyzed in detail and challenges due to high
impedance levels were quantified. For HF frequencies, a MEMS resonator-chain
structure with record slow signal propagation was presented enabling miniatur-
ization of time-delay components. The properties of the delay line were theo-
retically analyzed and the theory was verified in measurements with fabricated
devices consisting of up to 80 series-connected MEMS resonators. The fabricated
delay lines had still too high characteristic impedances for practical applications,
but careful design can result in impedance levels of few kiloohms that can be
acceptable in integrated solutions with properly-designed impedance transform-
ers. To reach higher frequencies, the lateral resonator dimensions have to be
scaled down which, however, weakens the capacitive coupling (increases the line
impedance) unless the reduced transducer area is compensated for by a smaller
gap, thicker SOI device layer or a higher bias voltage. In addition to a group ve-
locity that is much lower than that for other acoustic delay lines (SAW or BAW),
the MEMS line is characterized by a narrow-band response. This can be utilized
in applications that would otherwise require a separate bandpass filter as in wire-
less transponder radios of sensors for which a possible structure was suggested in
Fig. 22. Compared to SAW devices, MEMS can dramatically reduce the size of
the radio unit. Demonstration of such a transponder is left for future work.

In the fabrication of capacitive MEMS filters and delay lines, several challenges
remain: i) The gap should be reduced to well below 100 nm to enable low-enough
bias voltages. High-permittivity dielectrics can provide an alternative approach
to better coupling. ii) The dimensional tolerances of the devices, manufactured
with lithography, are poor leading to wide variations in the center frequency. iii)
The parasitic feed through-capacitance may limit the filtering performance and
a differential readout may be required. If these challenges are met, MEMS filters
and transmission lines can have a large economic potential.
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Electromechanical Instability

Increasing the bias voltage enhances the electrostatic coupling and lowers the typ-
ically very high impedance level of the MEMS resonator thus reducing insertion
loss from a low-impedance source such as a 50-C) generator. As shown in (22c¢),
the voltage bias also lowers the effective spring constant of the resonator. For
large-enough bias, the resonator becomes unstable and is deflected against one of
the stationary transducer electrodes (pull-in).

function g (&)

8k/27

g(&)

-1 -1/3 0

Figure 1: Function g(¢§) in (2).

The pull-in voltage can be obtained as follows. For the single-transducer
structure of Fig. 8 (a), the equation of motion with zero AC voltage becomes
using (23 a)

. . 1k,
mi+vyt+kr=F = mé+~y{=—=

2(1+6)2 e (1)

Solving for the rest position (€ = 0 and & = 0), one obtains

ke = —2kE(1+ €)% = g(). (2)

The function g(¢) is plotted in Fig. 1. One sees that if k. > 8k/27, there is
no solution for the resonator displacement inside the transducer gap resulting in
pull-in. The corresponding voltage (pull-in voltage) is given by (12a). Similarly,
for the double-transducer circuit of Fig. 8 (c), one obtains the instability at a
higher bias voltage of (12b).
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Derivation of the Equivalent Circuits

To derive the small-signal electrical-equivalent circuit of Fig. 8 (¢), we assume
a harmonic excitation © = uge’*® that yields @ = jwu. For the load voltage
ur, = 124, and for the voltage across the source resistance us = i1 R,., we also
use uy = jwur and s = jwus, respectively. Equations (23a), (23b), (24a) and
(24 b) for the forces and currents are now approximated to first order in the small
parameters £ = z/d, u = u/V and 4y = ur/V resulting in

iv = (jwCou—nd) /(1 + jwCoRuc) = u/Z (1a)
ir =ni/(1+ jwCoZy) (1b)
Fi = —n(V/2 + ) + ke — i (1c)
Fy=nV/2+ kex — 1.2, (1d)

where Z is the unknown input impedance, v, = n?(Zy||Rac) and vz, = n*(Zo||Z1)
are the complex dissipation coefficients introduced by the source and load impedances
and u' = u/(1 + jwCyR,e) is the Thévenin-equivalent AC voltage. The equation

of motion for the resonator (m + v& + kxz = Fy + F3) can now be written as

mi +Ax + kr = —nu/, (2)

where 4 = v + v, + v and k = k — 2k.. Solving now, as usual, for the resonator
motion by assuming x = Ae/*!, where A is an unknown complex amplitude, one
obtains the resonator velocity as

—jwnu’

(3)

T == .
k — mw? + jwy

Inserting (3) into (1a) one finds the input impedance Z as shown in Fig. 8 (d)

Z = Rac+ZO||(Zem - (ZOHRaC))a (4)
where
k —mw? + jwA m 1
Do = LTI T 0T (Zol|Ra) + (201 Z1)
Jwn n 1
Jw-L
k (5)
1
=R, + jwL,, + ———— + (Zp|| Rac ol Z5).
+ oL+ i+ (Dl o) + (Z0]122)

Here R,,, L,, and C,, 5 are given by (22a), (22b) and (22c¢), respectively. Simi-
larly, one can derive the equivalent circuit of Fig. 8 (b).
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