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Abstract—The design of mechanical circuits based upon micro-
mechanical vibrating beam elements is reviewed with a focus on
the circuits most useful for communications applications. Com-
munication transceiver architectures are then proposed that best
harness the tiny size, zero dc power dissipation, and ultra-high-Q
of vibrating micromechanical resonator circuits. Among the more
aggressive architectures proposed are one based on a microme-
chanical RF channel-selector and one featuring an all-MEMS RF
front-end. These architectures maximize performance gains by
using highly selective, low-loss micromechanical circuits on a mas-
sive scale, taking full advantage of Q versus power trade-offs.
Micromechanical filters, mixer-filters, and switchable synthesiz-
ers are identified as key blocks capable of substantial power sav-
ings when used in the aforementioned architectures. As a result of
this architectural exercise, more focused directions for further
research and development in RF MEMS are identified.

1. Introduction

The need for passive off-chip components has long been a key
barrier against communication transceiver miniaturization. In par-
ticular, the majority of the high-Q bandpass filters commonly used
in the RF and IF stages of heterodyning transceivers are realized
using off-chip, mechanically-resonant components, such as crystal
filters and SAW devices. Due to higher quality factor Q, such
technologies greatly outperform comparable filters implemented
using transistor technologies, in insertion loss, percent bandwidth,
and achievable rejection [1]-[8]. High QO is further required to
implement local oscillators or synchronizing clocks in transceiv-
ers, both of which must satisfy strict phase noise specifications.
Again, off-chip elements (e.g., quartz crystals) are utilized for this
purpose. Being off-chip components, the above mechanical
devices must interface with integrated electronics at the board
level, and this constitutes an important bottleneck against the min-
iaturization of super-heterodyne transceivers. For this reason,
recent attempts to achieve single-chip transceivers for paging and
cellular communications have utilized alternative architectures
[9], [10], that attempt to eliminate the need for off-chip high-O
components via higher levels of transistor integration. Unfortu-
nately, without adequate front-end selectivity, such approaches
have suffered somewhat in overall performance, to the point
where they so far are usable only in less demanding applications.
Given this, and recognizing that future communication needs will
most likely require higher levels of performance, single-chip
transceiver solutions that retain high-Q components and that pre-
serve super-heterodyne-like architectures are desirable.

Recent demonstrations of vibrating beam micromechanical

(*ecmechanical™) resonator devices with frequencies in the
VHF range and Q’s in the tens of thousands [11], [12] have
sparked a resurgence of research interest in communication
architectures using high-Q passive devices. Much of the inter-
est in these devices derives from their use of IC-compatible
microelectromechanical systems (MEMS) fabrication technol-
ogies [8], [13] to greatly facilitate the on-chip integration of
ultra-high-Q passive tanks together with active transistor elec-
tronics, allowing substantial size reduction. In essence, MEMS
technology may eventually allow replacement of off-chip SAW
and crystal technologies by on-chip vibrating micromechanical
resonators with comparable Q and performance. Indeed, reduc-
tions in size and board-level packaging complexity, as well as
the desire for the high performance attainable by super-hetero-
dyne architectures, are principal drivers for this technology.

Although size reduction is certainly an advantage of this
technology (commonly dubbed “RF MEMS™), it merely
touches upon a much greater potential to influence general
methods for signal processing. In particular, since they can
now be integrated (perhaps on a massive scale) using MEMS
technology, vibrating camechanical resonators (or ccmechanical
links) can now be thought of as tiny circuit elements, much like
resistors or transistors, in a new mechanical circuit technology.
Like a single transistor, a single mechanical link does not pos-
sess adequate processing power for most applications. How-
ever, again like transistors, when combined into larger
(potentially, VLSI) circuits, the true power of ccmechanical
links can be unleashed, and signal processing functions with
attributes previously inaccessible to transistor circuits may
become feasible. This in turn can lead to architectural changes
for communication transceivers. MEMS technology may in
fact make its most important impact not at the component
level, but at the system level, by offering alternative trans-
ceiver architectures that emphasize selectivity to substantially
reduce power consumption and enhance performance.

This chapter focuses upon communication sub-system per-
formance enhancements potentially attainable via use of
vibrating micromechanical resonator circuits in MEM S-based
transceiver architectures. Section 2 begins by reviewing the
issues involved with transceiver miniaturization, specifically
focusing on the need for high-Q. Section 3 follows with an
overview of various micromechanical signal processing cir-
cuits, describing micromechanical tanks, filters, mixer-filters,
and switches, and providing sufficient detail to facilitate the
incorporation of such circuits into communication sub-sys-
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Fig. 1. System-level schematic detailing the front-end design for atypical wireless transceiver. The off-chip, high-Q, passive components tar-
geted for replacement via micromechanical versions (suggestionsin lighter ink) are indicated in the figure.

tems. Specific transceiver architectures using such devices are
then presented in Sections 4 and 5, with a focus on the specific
performance enhancements afforded by each approach.
Section 6 then serves as areminder that thisis till afledgling
technology, emphasizing the present limitations of thistechnol-
ogy and giving a sprinkling of the specific research problems
that must be solved before the architectures of Sections4 and 5
can become areality. Sections 7 and 7.4.1 finally close the
chapter with details on techniques for combining mechanical
and transistor circuits onto single chips.

2. Miniaturization of Transceivers

To illustrate more concretely the specific transceiver func-
tions that can benefit from micromechanical implementations
(to be discussed), Fig. 1 presents the system-level schematic
for atypical super-heterodyne wireless transceiver. Asimplied
in the figure, several of the constituent components can already
be miniaturized using integrated circuit transistor technologies.

These include the low noise amplifiers (LNA'S) in the receive
path, the solid-state power amplifier (SSPA) in the transmi
path, synthesizer phase-locked loop (PLL) electronics, mixers,
and lower frequency digital circuits for baseband signaE
demodulation. Due to noise, power, and frequency consider-
ations, the SSPA (and sometimes the LNAS) are often impl
mented using compound semiconductor technologies (i
GaAs). Thus, they often occupy their own chips, separate fro

onto a single-chip in the foreseeable future.

Unfortunately, placing all of the above functions onto a sin-
gle chip does very little towards decreasing the overall super-
heterodyne transceiver size, which is dominated not by transis-
tor-based components, but by the numerous passive compo-
nents indicated in Fig. 1. The presence of so many frequency-
selective passive components is easily justified when consider-
ing that communication systems designed to service large
numbers of users require numerous communication channels,
which in many implementations (e.g., Time Division Multiple
Access (TDMA)) must have small bandwidths and must be
separable by transceiver devices used by the system. The
requirement for small channel bandwidths results in a require-
ment for extremely selective filtering devices for channel
selection and extremely stable (noise free) local oscillators for
frequency translation. For the vast majority of cellular and
cordless standards, the required selectivity and stability can
only be achieved using higQ-components, such as discrete
inductors, discrete tunable capacitors (i.e., varactors), and
AW and quartz crystal resonators, all of which interface with
C components at the board level. The needed performance
annot be achieved using conventional IC technologies,
ecause such technologies lack the requ@edis for this rea-
son that virtually all commercially available cellular or cord-

:fess phones contain numerous passive SAW and crystal

components.

m

the other mentioned transistor-based components, which afel. The Need for High Q in Oscillators

normally realized using silicon-based bipolar and CMOS tech- For any communications application, the stability of the
nologies. However, given the rate of improvement of silicoroscillator signals used for frequency translation, synchroniza-
technologies (silicon-germanium included [14]), it is nottion, or sampling, is of utmost importance. Oscillator frequen-
implausible that all of the above functions could be integratedies must be stable against variations in temperature, against
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Fig. 22 (a) A simple series resonant oscillator schematic (b) Bode

plot for alow Q tank, indicating the Af for a given AB. (c)
Similar to (b), but for ahigh Q tank.

aging, and against any phenomena, such as noise or micro-
phonics, that cause instantaneous fluctuations in phase and fre-
guency. The single most important parameter that dictates
oscillator stability is the Q of the frequency-setting tank (or of
the effective tank for the case of ring oscillators). For a given
application, and assuming a finite power budget, adequate
long- and short-term stability of the oscillation frequency is
insured only when the tank Q exceeds a certain threshold
value.

The correlation between tank Q and oscillator stability can
beillustrated heuristically by considering the simple oscillator
circuit depicted in Fig. 2(a). Here, a series resonant oscillator is
shown, comprised of a sustaining amplifier and an LC tank
connected in a positive feedback loop. For proper start-up and
steady-state operation, the total phase shift around the loop
must sum to zero. Thus, if at the oscillation frequency the
amplifier operates nominally with a 0° phase shift from its
input to its output, then the tank must also have a 0° phase shift
across its terminals. Given this, and referring to any one of the
tank response spectra shown in Figs. 2(b) or (c), this oscillator
is seen to operate nominally at the tank resonance frequency.
If, however, an external stimulus (e.g., a hoise spike, or atem-
perature fluctuation) generates a phase shift —AB across the ter-
minals of the sustaining amplifier, the tank must respond with
an equal and opposite phase shift AB for sustained oscillation.
As dictated by the tank transfer functions of Fig. 2, any tank
phase shift must be accompanied by a corresponding operating
frequency shift Af. The magnitude of Af for a given A8 is
largely dependent on the Q of the resonator tank. Comparison
of Fig. 2(b) with (c) clearly shows that a given phase shift
incurs amuch smaller frequency deviation on the tank with the
higher Q. Thus, the higher the tank Q, the more stable the
oscillator against phase-shifting phenomena.

To help quantify the above heuristic concepts, one important
figure of merit for oscillators is the phase noise power present
at frequencies close to the carrier frequency. Typical phase
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Fig. 3: Simulated frequency characteristics for a 0.3% bandwidth,
70 MHz bandpass filter under varying tank Q’s.

noise requirements range from —128 dBc/Hz at 600 kHz devia-
tion from a 915-980 MHz carrier in European Global System
for Mobile Telecommunications (GSM) cellular phones, to —
150 dBc/Hz at 67 kHz carrier deviations in X-Band, Doppler-
based radar systems [15]. Through a more rigorous analysis of
Fig. 2 (assuming linear operation), thé?Jghase noise of a
given oscillator can be described by the expression [16]:
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where Nop/C)im is the phase noise power density-to-carrier
power ratio at a frequendy, offset from the carrier frequency,
F is the noise figure of the active device evaluated using the
total oscillator poweP, C is the carrier power delivered to the
load, and, is the carrier frequency. From (1), phase noise is
seen to be inversely proportional to the squar®oénd
directly proportional to the amplifier noise figufeGiven that
F can often be reduced by increasing the operating pBwér
the sustaining amplifier, and th@tincreases or decreases with
P, (1) then can be interpreted as implying that powernodn
be traded to achieve a given phase noise specification. Given
the need for low power in portable units, and given that the
synthesizer (containing the reference and VCO oscillators) is
often a dominant contributor to total transceiver power con-
sumption, modern transceivers could benefit greatly from tech-
nologies that yield higl® tank components.

2.2. The Need for High Qin Filters

Tank Q also greatly influences the ability to implement
extremely selective IF and RF filters with small percent band-
width, small shape factor, and low insertion loss. To illustrate,
Fig. 3 presents simulated frequency characteristics under vary-
ing resonator tank)’s for a 0.3% bandwidth bandpass filter
centered at 70 MHz, realized using the typic@lresonator
ladder configuration shown in the insert. As shown, for a reso-
nator tankQ of 10,000, very little insertion loss is observed.
However, as tank) decreases, insertion loss increases very

[dBc/Hz], (1)



quickly, to the point where atank Q of 1,000 leads to 20 dB of Force, f,

insertion loss—too much even for IF filters, and quite unac-Resonator Beam : y W,
ceptable for RF filters. As with oscillators, hightanks are h Ly y
required for RF and IF filters alike, although more so for the Vp
latter, since channel selection is done predominantly at the Y
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in super-heterodyne receivers. In general, the more selective io
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level of insertion loss. In particular, the above 0.3% bandwidth v y

filter example applies for IF filters, which, because of their A _
high selectivity, are best implemented with reson@  Fi9-4 Perspectiveview schematic of a clamped-clamped

exceeding 5,000; RF pre-select or image-reject filters, on the Pﬂﬁ;ﬁgﬁéﬁ;wnmr Inagenerdl bias and exci-
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Although mechanical circuits, such as quartz crystal resona- fIsolation Oxide
tors and SAW filters, provide essential functions in the major- |Silicon Substrate

ity of transceiver designs, their numbers are generally(g) -

suppressed due to their large size and finite cost. Unfortu- ';e%?égfslg%ré?uﬁgg

nately, when minimizing the use of high-components, Anchor Polysi”conl_A’-I

designers often trade power for selectivity (i@., and hence, Micromechanical ' d ~ 500A
Resonator Electrode

sacrifice transceiver performance. As a simple illustration, if (0)

the highQ IF filter in the receive path of a communication sub- 2Hm
system is removed, the dynamic range requirement on the sub
sequent IF amplifier, IQ mixer, and A/D converter circuits, !isolation Oxide
increases dramatically, forcing a corresponding increase in|gijicon Substrate

power consumption. Similar trade-offs exist at RF, where theFig 5 Crosssections describing surface micromechining. (3)

larger the number or greater the complexity of Higghempo- Required film layers up to the release etch step. (b) Resuiting
nents used, the smaller the power consumption in surrounding fregstandmg beam following a release etch in hydrofluoric
acld.

transistor circuits.

By shrinking dimensions and introducing batch fabricationlithographic patterning steps—identical to similar steps used in
techniques, MEMS technology provides a means for relaxinglanar IC fabrication technologies—are utilized to first achieve
the present constraints on the number and complexity ahe cross-section shown in Fig. 5(a). Here, a sacrificial oxide
mechanical circuits, perhaps with implications not unlike thoséayer supports the structural polysilicon material during depo-
that integrated circuit technology had on transistor circuit comsition, patterning, and subsequent annealing. In the final step of
plexity. Before exploring the implications, specifimechani- the process, the wafer containing cross-sections similar to
cal circuits are first reviewed, starting with the basic buildingrig. 5(a) is dipped into a solution of hydrofluoric acid, which
block elements used for mechanical circuits, then expandingtches away the sacrificial oxide layer without significantly
with descriptions of the some of most useful linear and nonlinattacking the polysilicon structural material. This leaves the
ear mechanical circuits. free-standing structure shown in Fig. 5(b), capable of move-
3.1. The Micromechanical Beam Element ment in three dimensions, if necessary, and more importantly,
capable of vibrating with higkp and good temperature stabil-

To date, the majority gimechanical circuits most useful for L with temperature coefficients on the order-aD ppmPC

communication applications in the VHF range have been rea : . .
. . . 17]. Figure 6 presents the scanning electron micrograph
ized usingumechanical flexural-mode beam elements, such a . . .
LS . " EM) of a clamped-clamped beam polysilicon micromechani-
shown in Fig. 4 with clamped-clamped boundary conditions .
. o cal resonator designed to operate at 17.4 MHz.

[11], [12], [18]. Although several micromachining technolo- S S

ies are available to realize such an element in a variety of dif For communications applications, clamped-clamped [18]
9 y and free-free [11] flexural-mode beams w@ls on the order

ferent materials, surface micromachining has been the : .
. 2 .~~~ 0f 10,000 (in vacuum) and temperature coefficients on the
preferred method foumechanical communication circuits,

mainly due to its flexibility in providing a variety of beam end order of-12ppmPC, have been popular for the VHF range,
Y y In providing a variety o '“ while thin-film bulk acoustic resonators [19]-[21D1,000)
conditions and electrode locations, and its ability to realiz

) ) : . fave so far addressed the UHF range. To simplify the discus-
very complex geometries with multiple levels of suspension.

: ) : ; sion, and because they have so far been the most amenable to
Figure 5 summarizes the essential elements of a typical s;g

. - . he implementation of mechanical circuits, the remainder of
face-micromachining process tailored to produce a clampeq: . . .

. . . " I’CIjIS section focuses on clamped-clamped bgamchanical
clamped beam. In this process, a series of film depositions a?esonators



Table 1: uM echanical Resonator Frequency Design*

Polysilicon

ki e gy | Material | Mode | i
70 silicon 1 2 8 15.18
110 silicon 1 2 8 11.86
250 silicon 1 2 4 7.34
870 silicon 2 4 4 7.13
870 diamond 1 4 4 6.47
1800 silicon 2 4 8 4.98
1800 diamond 2 4 4 7.58

. . * Determined for free-free beams using Timoshenko methods
Fig.6: SEM of a 17.4 MHz polysilicon clamped-clamped beam that include the effects of finite h and W, [11].
micromechanical resonator with metallized electrodes.
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3.2. Clamped-Clamped Beam Micromechanical Resonators Fa = 5x = Z(Ve Vo) ox Z(Vb 2va9+v€)6x ®)
~As previously mentioned, Fig. 4 presents the perspective-  \yherex is displacement (with direction indicated in Fif),
view schematic for a clamped-clamped beam pmechanical res- 504 gc/gx) is the change in resonator-to-electrode capacitance

onator, indicating key dimensions and showing ageneral bias ey ynit displacement, approximately given by (neglecting
and excitation configuration. As shown, this device consists of fringing fields and static beam bending)

abeam anchored (i.e., clamped) at both ends, with an electrode
underlying its central locations. Both the beam and electrode 0C _ &WWe @)
are constructed of conductive materials, with doped polycrys- o0x dz '
talline silicon being the most common to date. Note that both
electrical and mechanical inputs are possible for this device.
For frequency reference, filtering, and mixing applications,
the vibrational resonance frequency f,, of this flexural-mode
mechanical beam is of great interest. The fundamental reso-
nance frequency of the clamped-clamped beam of Fig. 4 is

whered, is the electrode-to-resonator gap spacing under static
(non-resonance) conditions, agglis the permittivity in vac-
uum. When using the resonator as a tank or filter circuit (as
opposed to a mixer, to be discussed later), a dc-bias volfage

is applied to the conductive beam, while an ac excitation signal
given by the expression [18] vi=V,coxwjt is applied to the underlying electrode. In this con-

figuration, (3) reduces to
1

K Eh

fo = —\/—: = 10X [==(1-9g(Vp))¥?, @) 2 V2 V.

2T m, pL? | Fq = —%9% + Z'E+ Vpg—gvi cosw;t _%ZI co2w;t (5)
where E and p are the Young’s modulus and density of the
structural material, respectiveli;andL, are specified in The first term in (5) represents an off-resonance dc force
Fig. 4; the functiorg models the effect of an electrical spring that statically bends the beam, but that otherwise has little
stiffnessk, that appears when electrodes and voltages are intrgffect on its signal processing function, especially for VHF and
duced and that subtracts from the mechanical stiffkgsand ~ above frequencies, for which the beam stiffness is very large.
K is a scaling factor that models the effects of surface topogrd-ne second term constitutes a force at the frequency of the
phy in actual implementations [18]. From (2), geometry clearlyinput signal, amplified by the dc-bias voltagg and is the
plays a major role in setting the resonance frequency, and fRain input component used in hightank and filter applica-
practice, attaining a specified frequency amounts to CAD laytions. Whenw=y, (the radian resonance frequency) this force
out of the proper dimensions. Table 1 presents expected res@rves the beam into resonance, with a zero-to-peak displace-
nance frequencies for various beam dimensions, modes, aAtent amplitude at locationgiven by
structural materials, showing a wide range of attainable fre- QF, Q ac
quencies, from VHF to UHF. x(y) e kreff(y)vp FE (6)

3.2.1. Electrical Excitation
As shown in Fig. 4, this device accepts two electrical inputdVherekqe(y) is an effective stiffness at locatigrto be deter-

Ve andvy, applied to the electrode and beam, respectively. |mined Iate_r in this section via integration- over thg (_electrode

this configuration, the difference voltagg ¢ v) is effectively ~ Width. Motion of the beam creates a dc-biased Ygntime-

applied across the electrode-to-resonator capacitor gap, gené@ying capacitance between the electrode and resonator that

ating a force between the stationary electrode and movabfUrces an output current given by

beam given by . 9CaX

lo = Pox ot

@)
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Xinode(Y) = {(cosBy — coshBy) + (sinBy — sinhBy),  (9)
25 - 3=4.730/L, and (=-1.01781 for the fundamental mode, KE;;
1 1 1 1 1 1 is the peak kinetic energy in the system, v(y) is the velocity at
848 849 850 851 852 833 location y, and dimensional parameters are given in Fig. 9. The
Frequency [MHZz] equivalent spring stiffness follows readily from (2) and (8), and
Fig. 7. Frequency characteristic for an 8.5 MHz polysilicon pme- is given by
chanical resonator measured under 70mTorr vacuum
using a dc-bias voltage Vp=10V, a drive voltage of k(y) = wim(y), (10)
vi=3mV, and a transresistance amplifier with a gain of ] .
33kQ to yield an output voltage v, Amplitude = vy/v;. wherew, is the radian resonance frequency of the beam.
[18] Finally, the damping factor is given by
K c(y) = KM (Y) _ @nomMe(Y) _ Ki(Y) (11)
rc - B B '
' Qnom Qnom wnoanom
My
where
Crc Kn(Y) = 02omMc(Y) (12)
is the mechanical stiffness of the resonator alone, without the

Fig. 8: Lumped-parameter mechanica equivalent circuit for the . . .
micromechanical resonator of Fig. 4. influence of applied voltages and electrodes to be discussed

next, andQ,qm is the quality factor of the resonator under the

When plotted versus the frequency of v;, i, traces out a band- same conditions.

pass biquad characteristic with a Q ~10,000 (c.f., Fig. 7 3.2.3. Voltage-Tunable Electrical Stiffness
[18])—very suitable for reference oscillators and low-insertion As indicated in (2), wherg is seen to be a function of dc-
loss filters. Note, however, that thisis only achievable under bias voltagé/p, the resonance frequency of this device is tun-
vacuum, where viscous gas damping is minimized [22]. Muclable via adjustment d¥p [24], [25] and this can be used
lower Q's on the order of hundreds are seen under atmosphergvantageously to implement filters with tunable center fre-
pressure. guencies, or to correct for passband distortion caused by finite
The third term in (5) represents a term capable of driving thplanar fabrication tolerances. The dc-bias dependence of reso-
beam into vibration whew,=(1/2)w,. If Vp is very large com- nance frequency arises fromVg-dependent electrical spring
pared withV;, this term is greatly suppressed, but it can be troueonstank, that subtracts from the mechanical spring constant
blesome for bandpass filters in cases where very largef the systenk,, lowering the overall spring stiffne&s=k,—
interferers are present at half the passband frequency. In thdge thus, lowering the resonance frequency according to the
cases, aimechanical notch filter at (1/@), may be needed. expression
1/2
ml-£]
mr m
e

3.2.2. Equivalent Lumped Parameter Mechanical Cir cuit 1 k= 1
. . . . . - = m - =
For the purposes of mechanical circuit design, it is often fo = o7t /—mr o7t
K

ke

convenient to define an equivalent lumped-parameter mass-

spring-damper mechanical circuit for this resonator (c.f., - 10% Eh 1 12
Fig. 8), with element values that vary with location on the reso- ' pLZ[ m }
nator. With reference to Fig. 9, the equivalent mass at a loca-

tion'y on the resonator is given by [23] wherek,, andm, denote'values at a particular location (usually
the beam center location), and the quantiylk;,,> must be

' , . obtained via integration over the electrode wid¢hdue to the
KE,o prhIO [Xmaqe(y')12dly location dependence &f,
1/ 2 (V) = X2 ®) The electrical spring stiffnedg is generated by the nonlin-
mode ear dependence of electrode-to-resonator gap capactéxce
where on displacement, and is dependent very strongly upon the

13)

L

m(y) =



electrode-to-resonator gap spacing d. At a specific location y'
centered on an infinitesimally small width of the electrode dy’,
the differential in electrical stiffnessis given by [25]

oW dy’
(d(y )3¥

where the electrode-to-resonator gap distance d is now seen to
also be location dependent, since the beam bends somewhat
due to the dc-bias Vp applied between the electrode and reso-
nator. Recognizing that for the fundamental mode the static
and dynamic stiffnesses are virtually the same, and assuming a
static bending shape due to the distributed dc force defined by
the function Xq4ic(Y), the gap distance can be expressed as

dke(y') = (14)

L2 1 Xstati c(Y)

Ler km(y' )(d(y' ))sztati c(y')

where d, is the static electrode-to-resonator gap with Vp=0V.
In (15), the second term represents the static displacement of
the resonator towards the electrode at a particular location vy,
evaluated by integration over the width of the electrode, from
y=L¢ t0 Lgo. For the common case where the electrode is cen-
tered with the resonator beam center, Lo;=0.5(L,—W;) and
Lep=0.5(L,+W). Since the desired variable d(y) appears on
both sides of (15), one of them within an integral, (15) is best
solved by first assuming d(y)=d, on the right side, solving for
d(y) on theleft, then using this function again on theright, iter-
ating until d(y) converges. In addition, for most cases (15) is
not overly sensitive to the function Xggtic(¥), SO Xmoge(Y) given
by (9) can be substituted for Xq4ic(y) With little difference.

The quantity <kgJ/k> may now be found by integrating over
the electrode width, and is given by

Fezdky(y')
L., km(Y')

d(y) = d,— VP8 W,

, (15)

k
G=0=g(d Vp) = (16)

3.2.4. Pull-In Voltage, Vp,

When the applied dc-bias voltage Vp is sufficiently large,
catastrophic failure of the device ensues, in which the resonator
beam is pulled down onto the electrode. This leads to either
destruction of the device due to excessive current passing
through the now shorted electrode-to-resonator path, or at least
aremoval of functionality if adielectric layer (e.g., an oxide or
nitride) is present above the electrode to prevent electrical con-
tact between it and the conductive resonator beam.

Unlike low-frequency micromechanical structures, such as
used in accelerometers or gyroscopes [26], [27], the attractive
electrostatic force between the electrode and this high-fre-
guency resonator that incites pull-down now acts against avery
large distributed stiffness that must be integrated over the elec-
trode area to accurately predict the pull-down voltage Vp,.
Thus, previously used closed-form expressions for Vp [25]
based on lumped parameter analysis are no longer applicable.
Rather, for resonators with the design of Fig. 4 and beam
lengths less than 50 um, the procedure for determining Vp,
entails finding the Vp that sets the resonance frequency equal
to zero. With reference to (13), this amounts to setting (16)
equal to unity and solving for the Vp variable.

C 1/kre mre

TR

Fig. 10: Equivalent circuit for a pmechanical resonator with both
electrical (voltage v;) and mechanical (force f.) inputs and
outputs.

Table 2: Mechanical-to-Electrical Correspondencein the

Current Analogy

Mechanical Variable Electrical Variable
Damping, ¢ Resistance, R
Stiffnesst, k1 Capacitance, C
Mass, m Inductance, L
Force, f Voltage, V
Velocity, v Current, |

3.2.5. Small-Signal Electrical Equivalent Circuit

To conveniently model and simulate the impedance behav-
ior of this umechanical resonator in an electromechanical cir-
cuit, an electrical equivalent circuit is needed. As shown in
Fig. 4, both electrical and mechanical inputs and outputs are
possible for this device, so the equivalent circuit must be able
to model both. In addition, for physical consistency from both
transducer and noise perspectives, a circuit model that directly
uses the lumped mechanical elements summarized by (8)-(11)
is preferred. Figure 10 presents one of the more useful equiva
lent circuits used for linear mechanical circuit design [18],
[28], in which transformers model both electrical and mechani-
cal couplingsto and from the resonator, which itself is modeled
by acore LCR circuit—the electrical analogy to a mass-spring-
damper system—with element values corresponding to actual
values of mass, stiffness, and damping as given by (8)-(11). In
this circuit, the current electromechanical analogy is utilized,
summarized in Table 2.

When looking into the electrode port of the equivalent reso-
nator circuit of Fig. 10, a transformé&R circuit is seen, with
element values given by

L = Me C. = ng R = «/kre e _ Cre 17
X~ 2 x Tk X > T 2 17)
r]e re Qne e

where the subscrigt denotes the electrode location at the very
center of the resonator beam (i.ey=it,/2). An expression for

the electromechanical transformer turns rajpcan be
obtained via an impedance analysis yielding the motional resis-
tanceR, seen across the electrode-to-resonator gap at reso-
nance. Pursuant to this, the voltage-to-displacement transfer
function at a given location (c.f., Fig. 9) at resonance is first
found using phasor forms of (4), (5), (6), (9), and (10), and
integrating over the electrode width to yield

X e QVpEW,  Xioge(Y)
_ = d !
VO = O () Koo

(18)



Using the phasor form of (7), the series motional resistance ¥
seen looking into the drive electrode is then found to be 0 v Insertio {1 Loss
7o) 3dB
R Vo [rraett x0T g 2 — iows
"k I L, L% EV s Stopband [ 34p Bandwidth
2 Rejection
Inserting (18), factoring out ¢,=k;¢/(10,Q), and extracting ne E 40dB Bandwidth
yields g
Lo Le VB(e,W,)2 k., X (y)
P\“oY"r re mode .
Ne = ; ; ~dy'dy.  (20) _ 40dB Bandwidth Frequency
€ \/ Lel Lel [d(y )d(y)]zkr(y )Xmode(y ) 4OdB Shape Factor = 3dB BandWldth
Note that the effective integrated stiffness defined in (6) can Fig. 11. Parameters typically used for filter specification.

also be extracted from (18), yielding
functions previously unachievable are now within the realm of

B do 12 1 1 Xnoge(Y) possibilities. We now touch upon afew of these.

Kreti() |:ILe1 [d(Y')} ke (' ) WX moge(Y' )dy} (1) 3.3. Micromechanical Filters

Among the more useful umechanical circuits for communi-
cations are those implementing low-loss bandpass filters, capa-
ble of achieving frequency characteristics as shown in Fig. 11,
where a broader frequency passband than achievable by a sin-
gleresonator beam is shown, with a sharper roll-off to the stop-
band (i.e., smaller shape factor).

To achieve the characteristic of Fig. 11, a number of micro-
mechanical resonators are coupled together by soft coupling

Le2

The transformer turns ratio n; in Fig. 10 models the
mechanical impedance transformation achieved by mechani-
cally coupling to the resonator at ay location displaced from its
center. Aswill be seen, such coupling is required when imple-
menting filters with two or more resonators. Expressed in
terms of a stiffnessratio, the equation for the mechanical trans-
former turns ratio when coupling at a distance I, from an

anchor takes the form springs [18], [23], [29], [30], as illustrated schematically in
k(1) Fig. 12(a) using ideal mass-spring-damper elements. By link-

Ne = [T (22)  ing resonators together using (ideally) massless springs, a cou-

re pled resonator system is achieved that now exhibits several

Finally, for the equivalent circuit of Fig. 10, it should be ~ modes of vibration. Asillustrated in Fig. 13 for the coupled
noted that the damping constant ¢, is not inherently a function ~ three-resonator system of Fig. 12, the frequency of each vibra-
of the electrical stiffness k. Thus, when expressed in termsof ~ tion mode corresponds to a distinct peak in the force-to-dis-
the overall stiffness k, of the system, the Q of the resonator ~ Placement frequency characteristic, and to a distinct, physical
must be adjusted so that ¢, retainsits original value given by ~ mode shape of the coupled mechanical resonator system. Inthe
(12). Interms of k. and wy, then, expressionsfor ¢, takeonthe ~ lowest frequency mode, all resonators vibrate in phase; in the

form middle frequency mode, the center resonator ideally remains
motionless, while the end resonators vibrate 180° out of phase;
c = WM, _ ﬁ_ _ m (23) and finally, in the highest frequency mode, each resonator is
' Q w,Q Q phase-shifted 180° from its adjacent neighbor. Without addi-
tional electronics, the complete mechanical filter exhibits the
where jagged passband seen in Fig. 13. Aswill be shown, termination
1/2 resistors designed to lower the Q’s of the input and output reso-
Q= Qnom|:1_ Ei(—;D} : (24) nators by specific amounts are required to flatten the passband

and achieve a more recognizable filter characteristic, such as in

Note that the effective resonator quality factor Q is dependent ~ Fig. 11.
upon the electrical spring stiffness ke, and thus, is also a func- In practical implementations, because planar IC processes
tion of the dc-bias voltage Vp. In this chapter, the variable Q  typically exhibit substantially bettenatching tolerances than
denotes that defined by (24), while Q,om IS reserved for zero-  absolute, the constituent resonatorsjimechanical filters are
bias conditions. normally designed to be identical, with identical dimensions

In the design of pmechanical circuits comprised of inter-  and resonance frequencies. For such designs, the center fre-
linked beams, the equivalent circuit in Fig. 10 functionsina  quency of the overall filter is equal to the resonance frequency
similar fashion to the hybrid-rt small-signal equivalent circuit  f, of the resonators, while the filter passband (i.e., the band-
used for analog transistor circuit design. The main difference  width) is determined by the spacings between the mode peaks.
between mechanical links and transistors are the basic features The relative placement of the vibration peaks in the fre-
that make them useful as circuit elements; while transistors  quency characteristic—and thus, the passband of the eventual
exhibit high gain, mechanical links exhibit very large Q. By  filter—is determined primarily by the stiffnesses of the cou-
combining the strong points of both circuit elements, on-chip pling springs KS-J-) and of the constituent resonators at the cou-
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Fig. 13. Mode shapes of a three-resonator micromechanical filter
and their corresponding frequency peaks.

pling locations (k,). Specifically, for a filter with center
frequency f, and bandwidth B, these stiffnesses must satisfy the
expression [23]

g = orrksio
k, Tk, O

where kj; is a normalized coupling coefficient found in filter
cookbooks [31]. Note from (25) that filter bandwidth is not
dependent on the absolute values of resonator and coupling
beam stiffness; rather, their ratio kg;;/k; dictates bandwidth.
Thus, the procedure for designing a mechanical filter involves
two main steps (not necessarily in this order): first, design of a
mechanical resonator with resonance frequency f, and adjust-
able stiffness k;; and second, design of coupling springs with
appropriate values of stiffness kg; to enable a desired band-
width within the adjustment range of resonator k,’s.
To take advantage of the maturityla® ladder filter synthe-

sis techniques, the enormous database govekirdgdder fil-

(25

ter implementations [31], and the wide availability of electrical

circuit simulators, realization of themechanical filter of
Fig. 12(a) often also involves the design ofLahladder ver-
sion to fit the desired specification. The elements inthéd-

der design are then matched to lumped mechanical equivalents
via electromechanical analogy, where inductance, capacitance,
and resistance in the electrical domain equate to mass, complix
ance, and damping, respectively, in the mechanical domain:
Figure 12(b) explicitly depicts the equivalence between the fil-

ter’'s lumped mass-spring-damper circuit and its electrical
equivalent circuit. As shown, for this particular electromechan-
ical analogy (the current analogy), each constituent resonator
corresponds to a serie€R tank, while each (massless) cou-
pling spring ideally corresponds to a shunt capacitor, with the
whole coupled network corresponding tola® ladder band-
pass filter. It should be emphasized that the circuit in Fig. 12(b)
corresponds to the ideal mechanical circuit of Fig. 12(a), in
which the resonators are modeled by simple lumped elements,
and coupling springs are considered massless. As will be seen,
additional circuit complexity will be needed to model actual
filters, where coupling springs generalize to transmission lines,
and resonators must be modeled by circuits similar to that of
Fig. 10.

3.3.1. A Two-Resonator HF-VHF Micromechanical Filter

Figure 14 shows the perspective-view schematic of a practi-
cal two-resonator micromechanical filter [X8Jpable of opera-
tion in the HF to VHF range. As shown, the filter consists of
two umechanical clamped-clamped beam resonators, coupled
mechanically by a soft spring, all suspendedOrilabove the
substrate. Conductive (polysilicon) strips underlie each resona-
tor, the center ones serving as capacitive transducer electrodes
positioned to induce resonator vibration in a direction perpen-
dicular to the substrate, the flanking ones serving as tuning
electrodes capable of voltage-controlled tuning of resonator
frequencies, as governed by (13). The resonator-to-electrode
gaps are determined by the thickness of a sacrificial oxide
spacer during fabrication and can thus be made quite small
(e.g., 0.1um or less) to maximize electromechanical coupling.

The filter is excited in a similar fashion to that described in
the previous sub-section, with a dc-bias volt¥geapplied to
the conductive mechanical network, and an ac signal applied to
the input electrode, but this time through an appropriately val-
ued source resistangg that loads th€ of the input resonator
to flatten the passband [18]. The output resonator of the filter
must also see a matched impedance to avoid passband distor-
tion, and the output voltage, is generally taken across this
impedance. As will be seen in the next section, the required
value of I/O port termination resistance can be tailored for dif-
ferent applications, and this can be advantageous when design-
ing low noise transistor circuits succeeding the filter, since
such circuits can then be driven by optimum values of source
resistance to minimize noise figure [32].

From a signal flow perspective, the operation of the above
filter can be briefly summarized as follows:

(1) An electrical input signal is applied to the input port and
converted to an input force by the electromechanical trans-
ducer (which for the case of Fig. 14(a) is capacitive) that
can then induce mechanical vibration in xrection;

(2) mechanical vibration comprises a mechanical signal that is
processed in the mechanical domain—specifically, the sig-
nal is rejected if outside the passband of the filter, and
passed if within the passband; and

5) the mechanically processed signal appears as motion of
the output resonator and is re-converted to electrical
energy at the output transducer, ready for processing by
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Fig. 14. (a) Perspective-view schematic of a symmetrica two-resonator VHF pmechanical filter with typical bias, excitation, and signa con-
ditioning electronics. (b) Electrical equivalent circuit for the filter in (a) along with eguations for the elements [18]. Here, My, Krie,

and ¢, denote the mass, stiffness, and damping of resonator i at

the beam center location, and ne and n are turns ratios modeling

electromechanical coupling at the inputs and mechanical impedance transformations at low velocity coupling locations.

subsequent transceiver stages.

From the above, the name “micromechanical signal processor”
clearly suits this device. Details of the design procedure for

micromechanical filters now follow.

3.3.2. HF-VHF Filter Design

As can be surmised from Fig. 12(b), the network topologies
for the mechanical filters of this work differ very little from
those of their purely electronic counterparts, and in principal,

:DQi _1|] rle_DQi _1 . 26
@ [gQny Qing  CoiQpy HQX“ (26)

whereQ; is the uncontrolled quality factor of resonaipr
Qnyr = fo/B is the filter quality factorg; is a normalized
parameter obtained from a filter cookbook [31; is given

by (20);c;ie is given by (23), where the subscripdenotes

the center location of the resonator over the electrode; and
R is the series motional resistance of end resomnagdren

can be designed at the system-level via a procedure derivedin (17). (Note that as mentioned previously, the resonators

from well-known, coupled resonator ladder filter synthesis
techniques. In particular, given the equivale@R element
values for a prototyppmechanical resonator, it is possible to
synthesize a mechanical filter entirely in the electrical domain,

converting to the mechanical domain only as the last step.

in a micromechanical filter are often designed to be identi-
cal, so the subscript notation can actually be dropped from
virtually all variables in (26), excepf andRq;. Thei sub-
scripts are included for all variables just for completeness.)
If the filter is designed symmetrically, witij=c5,, and with

However, although possible, such a procedure is not recom- resonatoQ’s much greater tha@y,, the required value of
mended, since knowledge and ease of design in both electricalthe 1/0 port termination resistance for both end resonators
and mechanical domains can greatly reduce the effort required. becomes (droppingsubscripts)

The design procedure for the two-resonator micromechani-

cal filter of Fig. 14 can be itemized as follows:

(1)Design and establish the pumechanical resonator prototype
to be used, choosing necessary geometries for the needed
frequency and insuring that enough electrode-to-resonator
transducer coupling is provided to allow for predetermined
termination resistor values. For a given resonator, with pre-
determined values &, h, W, Vp, andRy, this amounts to
solving for the resonator length and electrode-to-resona-
tor gap spacing that simultaneously satisfy (13), (25), and

the equation for the needed termination resistor value [18],

[29]:

/k..m k
R |:| re’'re - re , (27)
° 0QnyNé  Wo81Qy,NE

wheree denotes the center location of the resonator beam.
Of the variables in (27), the electromechanical coupling fac-
tor ne is often the most convenient parameter to adjust for a
desired value of termination resistance. Given from (20)
thatr]e~(vp/d2), termination impedancBg requirements

and bias voltag¥p limitations often dictate the electrode-
to-resonator gap spacing for a particular resonator design.
This can be seen in Table 3, which summarizes the needed
gap spacings to achieve various valueggffor microme-
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(a) Max. Velocity Coupling: yields large % bandwidth
Velocity =2.1 m/s O m, = 2.35 x 1023 kg; k, = 43,511 N/m
(f,=70MHz, V=3V, d=200A)
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W
(b) Low Velocity Coupling: allows much smaller % bandwidth

Velocity =0.81 m/s 0 m, = 1.48 x 102 kg; k, = 286,064 N/m
(f,=70MHz, V=3V, d=200A)

v
L

Z - w
Fig. 15. Filter schematics showing (a) maximum velocity coupling to yield a
large percent bandwidth and (b) low velocity coupling to yield a

smaller percent bandwidth.

(3)Determine the coupling location(s) on the resonators corre-

Table 3: Two-Resonator uM echanical Filter Electrode-to-
Resonator Gap Spacing Design*

Gap Spacing, d, for Ry=

Frequency | 300Q | 500Q | 1,000Q2 | 2,000Q2 | 5,000Q

70MHz" | 195A | 223R | 266A| 317A| 399A

870 MHZ | 78A | 81A | 80A | 95A | 119A
* Determined with Q=10,000, B=1.25MHz, Vp=10V.

T CcCBeam, polysilicon, L,=14.52um, W,=8um, h=2um.
* CcCBeam, diamond, L,=9.36pm, W,=8um, h=4um.

chanical filters centered at 70 MHz and 870 MHz, and with
Q=10,000, B=1.25MHz, and Vp=10V.

(2)Choose a manufacturable value of coupling beam width
Wjs1, and design coupling beam(s) corresponding to a
“quarter-wavelength” of the filter center frequendyere,
the coupling beam is recognized as an acoustic transmission
line that can be made transparent to the filter when designed

with quarter-wavelength dimensions [18], [23], [29]. For a

flexural-mode coupling beam, neglecting rotational move-
ments at the resonator attachment points, quarter-wave-
length dimensions are achieved when the coupling beam
width Wy, and length L5 are chosen to satisfy the expres-
sion[29]

Hg = sinhacosa + coshasina = 0, (28)
where a=Lg;»(pWe;2h6?/(Elg12)) 2%, 1515=Wegoh%12, and
needed dimensions are given in Fig. 14(a). Note that in
choosing W1, and L, to satisfy (28), the coupling beam
stiffness kg, is constrained to a particular value, given by
[29]

Elg,03(sina + sinha)
L3,(cosacosha —1)

Ksio = (29)
Note that this also constrains the ability to set the bandwidth
of the filter via the coupling beam dimensions, and thus,
necessitates an alternative method for setting bandwidth.

sponding to the filter bandwidth of intere$his procedure
is based upon two important properties of thisfilter and the
resonators comprising it: First, the filter bandwidth B is
determined not by absolute values of stiffness, but rather by
aratio of stiffnesses (kg;o/k;), Where the subscript ¢ denotes
the value at the coupling location; and second, the value of
resonator stiffness k. varies with location (in particular,
with location velocity) and so can be set to a desired value
by simply choosing an appropriate coupling beam attach-
ment point. Using (8), (10), (25), and (29), an expression
that can be solved for the location | on the resonator beam
where the coupling beam should be attached, can be written
as

K L, 172
Xinode(le) = {Zan—ipthJ’ [X(Y)]Zd)"} . (30)
s 0

Figure 15 illustrates how the choice of coupling beam
attachment point can greatly influence the bandwidth of a
mechanical filter. In Fig. 15(a), the coupling beam is
attached at the highest velocity point, where the resonator
presents its smallest stiffness, resulting in avery wide filter
bandwidth. On the other hand, Fig. 15(b) depicts coupling
at alower velocity point closer to the resonator anchors,
where the resonator presents a much higher stiffness, lead-
ing to a much smaller percent bandwidth, as dictated by
(25). In effect, the bandwidth of the filter is set not by
choosing the coupling beam stiffness kg5, but rather by
choosing an appropriate value of resonator stiffness k. to
satisfy (25), given a kg, constrained by quarter-wavelength
design.

(4 Generate a complete equivalent circuit for the overall filter

and verify the design using a circuit simulatéigure 14(b)
presents the equivalent circuit for the two-resonator micro-
mechanical filter of Fig. 14(a) along with equations for the
elements. As shown, each of the outside resonators are
modeled via circuits such as shown in Fig. 10. The coupling
beam actualy operates as an acoustic transmission line, and
thus, is modeled by a T-network of energy storage elements.
Consistent with Fig. 10 and the discussion in item (3)
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Table 4: HF Micromechanical Filter Summary [18]

Electrode
Coupling Value*ti
HResonators Par ameter - Units
Des./Meas.| Simulatedf
Coupling Location, I 4.08 4.48 pm
Coupling Velocity, v, 012Vpay | 0.1&max || M/s
Center Frequency, f, 7.81 7.81 MHz
Freg. Modification Factor, k (0.87915) 0.87915 —
[0.9]
Bandwidth,B 18 18 kHz
Fig. 16: SEM of a fabricated 7.81 MHz two-resonator microme- Percent Bandwidth B{fo) 0.23 0.23 %
chanical filter [18]. Passband Rippl®&R 15 1.5[0.5] dB

0 . . . — Insertion Loss|L 1.8 1.8[1.35]|| dB

Performance 20dB Shape Factor, 2.31 [2.54] —
B Measured — —

PN — Siatod %MZ&Sl]éI\IfI-'_I'zZ Stopband RejectiorsR 35 — dB
= i Pgy~0.23% Sp.-Free Dynamic Rang&-DR ~78 ~78 dB
h=> Rej.=35dB ResonatoQ 8,000 6,000 —
S 20 |.L.<2dB :

& - Structural Layer Thicknesh, 1.9 1.9 pm
(2] - —

€ pRes. Beam Length, 40.8 40.8 pm
[2]

8 30 - 7] URes. Beam Widthy 8 8 pm
= B ] Coupling Beam Length, g » 20.35 20.35 pm

40 1 Needed_;, for A/4 (22.47) — Hm

~ ] Coupling Beam Widthwg;» 0.75 0.75 pm
775 780 7_;;5 7_'90 Coupling Beam Stiffnesgg; o, (-82.8) -82.8 N/m
Frequency [MHz] Coupling Beam Stiffnes&goc (113.4) 1134 N/m
Fig. 17: Measured spectrum for a terminated 7.81 MHz pmechani- Resonator Mass @ I/@y, |[(5.66x10%%) | 5.66x10%3|| kg
cal filter with excessive input/output shunt capacitance. -
Here, Qqy=435. [18] Resonator Stiffness @ /@, (1,362) 1,362 N/m
Resonator Mass @, 3.9%101) | 2.84x10 || k
above, transformers are used between the resonator and . @me ||( ) 9
coupling beam circuits of Fig. 14(b) to model the velocity Resonator Stiffness @ k¢ || (96,061) 68,319 || N/m
transformations that arise when attaching the coupling IntegrateduRes. Stiffnesskq (1,434) 1,434 N/m
beams at locations offset from the center of the resonator Young’'s ModulusE 150 150 GPa
beam. The whole circuit structure of Fig. 14(b) can be rec- - —

. . Density of Polysilicon 2,300 2,300 || kg/mh
ognized as that of the LC ladder network for a bandpass fil- Y y P g
ter. Electrode-toxRes. Gapg, 1,300 1,300 A

Further details on the design of micromechanical filters can be Gapd, Adjusted for Depletion||  (1,985) 1,985 A
found in the literature [18], [23], [29]. Electrode Width\\, 20 20 pm
3.3.3. HF Micromechanical Filter Performance Filter DC-Bias,Vp 35 35 \Y
Figure 16 presents the SEM of a symmetrical (i.e., Freg. Pulling VoltageV s 0.12 0 \%
Ro1=Rg2) 7.81 MHz micromechanical filter using the design Q-Control ResistorsR, || 12.2 (19.6)| 145 [19.6]|| ko

of Fig. 14 and constructed of phosphorous-doped polycrystal-

* Numbersin () indicate calculated or semi-empirical values.

T Bold faced numbers indicate significant deviations needed to
match simulated curves with measured curves.

T Numbers in [] indicate values expected from an ideal simula-
tion with no parasitics and perfect termination. The value for
K in the “Des./Meas.” column was obtained via finite-ele-
ment simulation using ANSYS.

# Top 11 rows represent simulation outputs; the rest are used
as inputs for simulation.

line silicon [18]. The measured spectrum for a terminated ver-
sion of this filter is shown in Fig. 17 (solid curve), showing a
bandwidth of 18 kHz, which is very close to the design value.
The insertion lossis only 1.8 dB, which isimpressive for a
bandpass filter with a percent bandwidth of 0.23% (Qf,=435)
and which can be attributed to the high Q of the constituent
pmechanical resonators. Designed and measured pmechanical
filter characteristics are summarized in Table 4. It should be
noted that although the analytical design calls for 19.6kQ ter-
mination resistors, only 12.2kQ resistors were used in the
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Table 5: HF pmechanical Filter Circuit Element Valuesfor ~ uncertainty in the actual gap distance for this process.

the Data of Table 4 [18] Note that although the simulation matches the measurement
very well in the passband, it deviates substantially in its transi-
Par ameter Value Units tion to the stopband. In particular, the measured curve features

loss poles not modeled by the theory of Section 3.3.2 that sub-
stantially improve the shape factor of the filter. The loss poles
Co1=Co2 7.14 fF in Fig. 17 result largely from action of a feedthrough capacitor

Coupling Location, I 4.48 pMm

=l 5.66x10°13 H Cp(fg) that connects the input ad output electrodes, and that
influences the filter frequency characteristic in a similar fash-
Ga=%e 0.000734 F ion to the introduction of loss poles via bridging capacitors in
) 4.62x10°° Q crystal filter design [33]. In the present experimeSi) is
Ce12a=Cs12b -0.0121 F actually a parasitic element; i.e., loss poles were introduced
Caze 0.00882 = madvgrtently. For ful!y mtegrgted flltgrs, in Wh|q?tmechan|cs
— = and circuits are fabricated side-by-side on a single-chip, para-
Ne1=MNe2 120610 C/m sitic capacitors are expected to be much smaller. In this case,

Nc12=Ne21 7.08 C/m the feedthrough capacit@psq) can then be purposefully
designed into the filter if loss poles are desired.

actual measurement to minimize phase lags caused by board-
level parasitic capacitance.
In addition to the measured frequency response, Fig. 17 also As indicated by (3), the voltage-to-force transducer used by
presents a simulated spectrum (dotted line) using the equiva- the described resonators is nonlinear, relating input fe§de
lent circuit described by Fig. 14(b) with element valuesderived ~ iNPUt voltage Yg—Vp) by a square law. Whep=Vp, this nonlin-
from the “Simulated” column of Table 4 and summarized in€arity is suppressed, leading to a dominant force that is linear
Table 5. This simulation attempts to mimic the measured fre%ith Ve given by the second term of (5). If, however, signal
quency characteristic in the passband. As such, it includdPuts are applied to both andvy, a square law mixer results.
shunt parasitic capacito@p,=100fF at the input and output !N particular, if an RF signalge=Vgrecoset is applied to
nodes to model board-level parasitics that interact with termglectrodee, and a local oscillator signa| o=V ocosa ot to
nation resistor&, and generate increased passband ripple. RIECroded, then (3) contains the term
should be noted, however, that a few adjustments were neces- _ 1 Fle
sary to attain the degree of matching shown, with the more  Fa = -+ EVRFVLO& COS(Wgg — W)t + ... (31)
important adjustments indicated in boldface font. In particular,
note that the target gap spacing of 1,300A was not used to getbich clearly indicates a mixing ebltage signalsvgr andvi o
erate the “Simulated” column in Table 4, nor the values irfown to aforce signal at frequency =(wgrr-wL o). If the
Table 5. Rather, a larger gap spacing of 1,985A was used thpove transducer is used to couple infenzechanical filter
accounts for depletion in the resonator beam induced by th#ith a passband centeredaf, an effective mixer-filter
Vp-induced electric field between the non-degenerately-dope@€Vice results that provides both a mixer and filtering function
n-type beam and the n-type electrode [18]. This value of gal One passive, micromechanical device.
spacing was semi-empirically determined by matching mea- Figure 18(a) presents the schematic for a symmetrioat
sured plots of resonatdg vs. Vp with simulations based on chanical mixer-filter [34], showing the bias and input scheme
(13), usingd, andk as fitting parameters. required for down-conversion and equating this device to a
In addition, as indicated in boldface in Table 4, the couplingystem-level functional block. As shown, since this device pro-
locationl, was adjusted to match bandwidths, and the resonides filtering as part of its function, the overall mechanical
tor Q and the filter termination resistanBg were adjusted to ~ Structure is exactly that ofjamechanical filter. The only dif-
match the measured insertion loss. In particular, the value #rences are the applied inputs and the use of a non-conductive
Roneeded to match the simulated insertion loss and passbaf@UPling beam to isolate the IF port from the LO. Note that if
ripple was 14.5®, not the 12.2® actually used for the mea- the source providiny¥p to the second resonator is ideal (with
surement. zero source resistance) and the series resistance in the second
Thel, adjustment is not unreasonable, since the couplinggsonator is small, LO signals feeding across the coupling
beam has a finite width of 0.78n, and the exact coupling beam capacitance are shunted to ac ground before reaching the
location is not necessarily at the center of the coupling bearff; Port. In reality, finite resistivity in the resonator material
but could be anywhere along its finite width. Furthermore, torallows some amount of LO-to-IF leakage.
sional motions of the coupling beam can also influence the The mixer conversion gain/loss in this device is determined
actual mechanical coupling, thus, changing the effedtive Primarily by the relative magnitudes of the dc-bigsapplied
The adjustment i seen in Table 4 is also plausible, since a0 the resonator and the local oscillator amplit\gg. Using
small number of resonators in the filter fabrication run exhib{31), assumingy resistors given by (26), and with the recog-
ited lowerQ than the 8,000 measured in FigThe small devi-  hition that the filter structure presents a large input impedance

ation in RQ also should not be a|arming' given Someto bOthVRF a:ndVLO (Since their freguencies are Oﬂ:'resonance),
the expression for conversion gain/loss takes the form

3.4. Micromechanical Mixer-Filters
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Note that conversion gain is possibleif V| o> Vp

The SSB noise figure for this device derives from a combi-
nation of mixer conversion loss, filter insertion loss, and an
additional 3dB that accounts for noise conversion from two
bands (RF and image) to one [11], and can be expressed as

NF = Loon| g * Ll g * 3 [9B], (33)

where Ly |qgg is the filter insertion loss in dB. Possible values

which normally exhibit ~2 dB of insertion loss. In addition to
exhibiting such low insertion losgmechanical switches are
extremely linear, withIP3's greater than 66 dBm [8], and can
be designed to consume no dc power (as opposed to FET
switches, which sink a finite current when activated).

Chapter *** in this book covers micromechanical switches
in much greater detail.

4. RF Receiver Front-End ArchitecturesUsing MEM S

Having surveyed a subset of the mechanical circuits most
useful for communication applications, we now consider meth-
ods by which these circuits are best incorporated into commu-
nications sub-systems. Three approaches to using
micromechanical vibrating resonators are described in order of
increasing performance enhancement: (1) direct replacement
of off-chip high-Q passives; (2) use of an RF channel select
architecture using a large number of highmicromechanical
resonators in filter banks and switchable networks; and (3) use
of an all-mechanical RF front-end.

In proposing these architectures, certain liberties are taken
in an attempt to account for potential advances in microme-
chanical resonator technology. For example, in the RF channel-

might be L¢onlgg=0dB (with V| o=Vp) and L |qz=0.5dB, select architecturggmechanical circuits are assumed to be able

leading to NF=3.5dB—very good calculated performance for ato operate at UHF witlQ's on the order of 10,000. Given that
combined mixer and filter using passive components. TFR’s already operate at UHF (but wi@iis of 1,000), and
3.5. Micromechanical Switches 100_ MHz free-free beammechanical resonators presently
exhibitQ’'s around 8,000, the above assumed performance val-
The mixer-filter device described above is one example of geg may, in fact, not be far away. At any rate, the rather liberal
umechanical circuit that harnesses nonlinear device propertiggnroach taken in this section is largely beneficial, since it bet-
to provide a useful function. Another very useful mode ofigr conveys the potential future impact of MEMS technology,
operation that further utilizes the nonlinear nature of the devicgng provides incentive for further advancements in this area.
is thepmechanical switch. Figure 19 presents an operationa|evertheless, in order to keep in check the enthusiasm gener-
schematic for a single-pole, single-thremechanical switch  5ted here, assumed performances in this section are briefly re-

[35], seen to have a structure very similar to that of the previsyaluated in the next, with an eye towards practical implemen-
ous resonator devices: a conductive beam or membrane sysrion issues.

pended above an actuating electrode. The operation of the
switch of Fig.19 is fairly simple: To achieve the “on-state”, 4 1. Direct Replacement of Off-Chip High-Q Passives _
apply a sufficiently large voltage across the beam and electrode Perhaps the most direct way to harnesgchanical circuits

to pull the beam down and short it (in either a dc or ac fashiori§ via direct replacement of the off-chip ceramic, SAW, and
to the electrode. crystal resonators used in RF preselect and image reject filters,

In general, to minimize insertion loss, the majority ofIF channel-select filters, and crystal oscillator references. A
switches use metals as their structural materials. It is thefichematic depicting this approach was shown previously in
metal construction that makgsnechanical switches so attrac- Fig. 1, and now in a condensed form in Fig. 20. In addition to
tive, allowing them to achieve “on-state” insertion losses dowfigh-Q components, Figs. 1 and 20 also show the use of other
to 0.1 dB—much lower than FET transistor counterpartsMEMS-based passive components, such as me@umero-

Non-conductive

Coupling uMechanical

Fig. 18: (a) Schematic diagram of the

Input Mixing Resonator Output 7 ¢ A
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Fig. 20: System block diagram of a super-heterodyne receiver architecture showing potential replacements via MEM S-based compo-
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Fig. 21: System block diagram for an RF channel-select receiver architecture utilizing large numbers of micromechanical resonators
in banks to trade Q for power consumption. (On-chip pmechanics are shaded.)

machined inductors and tunable capacitors [36] used in VCO’s Perhaps one of the simplest ways to harness the small size of
and matching networks, as well as low-loss (~0.1dBe- micromechanical circuits is to add multi-band reconfigurability
chanical switches [35] that not only provide enhanced antenrta a transceiver by adding a preselect and image reject filter for
diversity, but that can also yield power savings by makingach communication standard included. Due to the small size
TDD (rather than FDD) more practical in future transceivers. of micromechanical filters, this can be done with little regard
Of course, the main benefits from the above approach tm the overall size of the transceiver.
using MEMS are size reduction and, given the potential for Although the above already greatly enhances the capability
integration of MEMS with transistor circuits, the ability to of today’s wireless transceivers, it in fact only touches upon a
move more components onto the silicon die. A limited numbemuch greater potential for performance enhancement. In par-
of performance benefits also result from replacement of existicular, it does not utilize micromechanical circuits to their full-
ing high-Q passives byumechanical ones, such as the ability toest complexity. Figure 21 presents the system-level block
tailor the termination impedances required by RF and IF filtergiagram for a possible receiver front-end architecture that takes
(c.f., Table 3). Such impedance flexibility can be beneficiaffull advantage of the complexity achievable uimechanical
when designing low-noise amplifiers (LNA's) and mixers incircuits. The main driving force behind this architecture is
CMOS technology, which presently often consume additiongbower reduction, attained in several of the blocks by trading
power to impedance match their outputs t@5#f-chip com-  power for high selectivity (i.e., high)). The key power saving
ponents. If higher impedances can be used, for example at thicks in Fig. 21 are now described.

output of an LNA, significant power savings are possible. As; 5 1 guitchable RF Channe Select Filter Bank
an additional benefit, since the source impedance presented to¢ channel selection (rather than pre-selection) were possible

thg .LNA |np.ut IS now equal t8q, it can now be tailored to at RF frequencies (rather than just at IF), then succeeding elec-

minimize noise f|gqrgNF). . tronic blocks in the receive path (e.g., LNA, mixer) would no
Althqugh beneficial, the performance ga}ms'afforded b34onger need to handle the power of alternate channel interfer-

mere direct replacement by MEMS are quite limited Wheners. Thus, their dynamic range can be greatly relaxed, allowing

compare;d to MOTe aggressive uses of MEMS technology. Morsehbstantial power reductions. In addition, the rejection of adja-
aggressive architectures will now be described. cent channel interferers also allows reductions in the phase
4.2. An RF Channel-Select Architecture noise requirements of local oscillator (LO) synthesizers, pro-
To fully harness the advantagesuofiechanical circuits, one Viding further power savings.
must first recognize that due to their micro-scale size and zero To date, RF channel selection has been difficult to realize
dc power consumptiommechanical circuits offer the same Via present-day technologies. In particular, low-loss channel
system complexity advantages over off-chip discrete compdelection at RF would require tunable resonators @ighin
nents that planar IC circuits offer over discrete transistor cirthe thousands. Unfortunately, however, higloften precludes
cuits. Thus, to maximize performance gaipmechanical tunability, making RF channel selection via a single RF filter a
circuits should be utilized on a massive scale. very difficult prospect.
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2] become possible to put more gain in the LNA to suppress noise
(I:r?gfj;g' Ay figure (NF) contributions from later stages, while relaxing the
iMech. A3E> nx m Decoder requiredNF of the LNA itself, leading to further power sav-
Filter g Apl1T 27 m Tty on ings. ' . . . . '
| | J_ cee Turning to oscillator power, if the single tione interferer Is
im attenuated to 40dB, then reciprocal mixing with the local oscil-
Filter 1 1 [ lator is also greatly attenuated, allowing substantial reduction
v | | i oV in the phase noise requirement of the local oscillator. Require-
' _ I 0 ment reductions can easily be such that on-chip solutions to
Fiter 2% Ll realization of the receive path VCO (e.g., using spiral inductors
* pa . and pn-diode tunable capacitors) become plausible.
|I]_U| ‘e = 4.2.2. Switchable Micromechanical Resonator Synthesizer
Filter n 1 [ °Vp Although thepmechanical RF channel-selector described
ha above may make possible the use of existing on-chip technolo-
Fig. 22: System/circuit diagram for an RF channel-select micro- gies to realize the receive path VCO, this approach is not rec-
mechanical filter bank. ommended, since it denies the system from achieving much

On the other hand, it is still possible to select individual RF~ greater power reduction factors that may soon be available
channels via many non-tunable high-Q filters, one for each through MEMS technology. In particular', gi'ven that power anq
channel, and each switchable by command. Depending upon Q can often be interchanged when designing for a given oscil-
the standard, this could entail hundreds or thousands of fil-  lator phase noise specification, a better approach to implement-
ters—numbers that would be absurd if off-chip macroscopié?d the VCO would be to ugemechanical resonators (with
filters are used, but that may be perfectly reasonable for micr@rders of magnitude high€? than any other on-chip tank) to
scale, passiveymechanical filters, such as described inSet the VCO frequency. In fact, wi@i's as high as achievable
Section 3.3. via pmechanics, the basic design methodologies for oscillators

Figure 22 presents one fairly simple rendition of the keyMust be rg-evaluated. For example, in the case where thg oscil-
system block that realizes the desired RF channel selection. Agor and its output buffer contribute phase noise according to
shown, this block consists of a bankwohechanical filters ~Leeson’s equation [40], where the‘zlfo-yvhne phase noise
with all filter inputs connected to a common block input and alforner occurs af{/(2Q)), a tankQ>1,500 is all that would be
outputs to a common block output, and where each filter pas&equired to move the f#to-white phase noise corner close
band corresponds to a single channel in the standard of intere&0ugh to the carrier that only white phase noise need be con-
In the scheme of Fig. 22, a given filter is switched on (with alfidered for CDMA cellular applications, where the phase noise
others off) by decoder-controlled application of an appropriat@OWer at frequency offsets from 285kHz to 1515kHz is most
dc-bias voltage to the desired filter. (Recall from (3) and (7jmPortant. If only white noise is important, then only the out-
that the desired force input and output current are generated Rt buffer noise need be minimized, and sustaining amplifier
apmechanical resonator only when a dc-bigsis applied; ~noise may not even be an issue. If so, the power requirement in
i.e., withoutVp, the input and output electrodes are effectivelyth® sustaining amplifier might be dictated solely by loop gain
open-circuited.) needg (rather than by phase noise needs), which iorea

The potential benefits afforded by this RF channel selectdihanical resonator-based VCO wig~400, L,~84uH, and
can be quantified by assessing its impact on the LNA linearit{rx~0-5fF, might be less than Imw. _ _
specification imposed by the 1S-98-A interim standard for To |mplem.ent a tunablie Ipcal oscﬂlator'synthesmer', a swit-
CDMA cellular mobile stations [37]. In this standard, the Chable bank is needed, similar to that of Fig. 22 but ysine-
required IIP3 of the LNA is set mainly to avoid desensitizatiorfhanical resonators, not filters, each corresponding to one of
in the presence of a single tone (generated by AMPS [37]tj1e negded LO frequ.enm'es, gnd each switchable into or out of
spaced 900kHz away from the CDMA signal center frequencyl® oscillator sustaining circuit. Note that becgusechanical
Here, reciprocal mixing of the local oscillator phase noise withéSonators are now used in this implementation(tbed ther-
the 900kHz offset single tone and cross-modulation of the siff@! stability (with compensation electronics) of the oscillator
gle tone with leaked transmitter power outputs dictate that th@ay now be sufficient to operate without the need for locking
LNA 1IP3 exceeds +7.6dBm [37]. However, if an RF channef© @ lower frequency crystal reference. The power savings
select filter bank such as shown in Fig. 22 precedes the LNALtained upon removing the PLL and prescaler electronics
and is able to reject the single tone by 40dB, the requiremeﬁ?e‘jed in past synthesizers can obV|o.ust bg quite supstantlal.
on the LNA then relaxes to 11P8-29.3dBm (assuming the N effect, by impleme.nting the synthesizer ysmgechanlcal
phase noise specification of the local oscillatonas also ~ fésonators, synthesizer power consumption can be reduced
relaxed). Given the well-known noise and linearity versugrom the ~90mW dissipated by present-day implementations
power trade-offs available in LNA design [38], [39], such ausing mediunQ L andC components [41], to something in the
relaxation in IIP3 can result in nearly an order of magnitudéange of only 1-4 mW. Again, all this is attained using a circuit
reduction in power. In addition, since RF channel selectiofoPology that would seem absurd if only macroscopic Iggh-
relaxes the overall receiver linearity requirements, it mayesonators were available, but that becomes plausible in the
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Fig. 23: System-block diagram for an all-MEMS RF front-end receiver architecture. (On-chip pmechanics are shaded.)

micromechanical arena.

4.2.3. Micromechanical Mixer-Filter

The use of a pmechanical mixer-filter in the receive path of
Fig. 21 eliminates the dc power consumption associated with
the active mixer normally used in present-day receiver archi-
tectures. This corresponds to a power savings on the order of
10-20 mW. In addition, if multiple input electrodes (one for
RF, one for matching) are used for the mixer-filter, the RF
input can be made to appear purely capacitiveto the LNA (i.e.,
at the RF frequency), and the LNA would no longer require a
driver stage to match a certain impedance. Rather, an inductive
load can be used to resonate the capacitance, asin [38], allow-
ing power savings similar to that discussed in Section 4.1.

4.3. An AlI-MEM S RF Front-End Receiver Architecture

In discussing the above MEM S-based architecture, one very
valid question may have arisen: If umechanical filters and
mixer-filters can truly post insertion losses consistent with
their high-Q characteristics, then is an LNA really required at
RF frequencies? It is this question that inspires the receiver
architecture shown in Fig. 23, which depicts a receive path
comprised of arelatively wideband image reject pmechanical
RF filter followed immediately by a narrowband I F mixer-fil-
ter that then feeds subsequent IF electronics. The only active
electronics operating at RF in this system are those associated
with thelocal oscillator, which if it uses a bank of pmechanical
resonators, may be able to operate at less than 1 mW. If plausi-
ble, the architecture of Fig. 23 clearly presents enormous
power advantages, eliminating completely the power consump-

Although the all-MEMS front-end architecture of Fig. 23
may at first seem the most preposterous of the bunch, early
versions of the primary filtering and mixing devices required
for its implementation have already been demonstrated. In par-
ticular, TFR image-reject filters have been demonstrated at
UHF frequencies with insertion losses of less than 3dB [19]. It
should be noted, however, that the first demonstrated mixer-fil-
ter based on polysilicon clamped-clamped bganechanical
resonators achievedF,=15dB [34]—quite worse than the
3.5dB used in the above calculation, and in fact, a value that
precludes the use of the architectures shown in Fig. 23. It is not
unreasonable, however, to expect that future renditions of
mixer-filters, perhaps using more appropriate resonators (e.g.,
higherQ free-free beams, rather than clamped-clamped
beams), might be able to achieve the projected 3.5dB.

5. An RF Transmitter ArchitectureUsing MEMS

Due to a lack of sufficient in-band power handling capabil-
ity, very little consideration has been given to date to the possi-
bility of using umechanical resonators in the transmit path.
However, research efforts are presently underway to remedy
this, and if successful, equally compelling MEMS-based trans-
mit architectures can also be proposed.

Figure 24 depicts one rendition, in which an RF channel-
selector is placed after the power amplifier (PA) in the transmit
path. This channel selector might utilize a similar circuit as that
of Fig. 22, but usingumechanical resonators with sufficient
power handling capability. Assuming for now that such devices
are possible, this transmit topology could provide enormous

ggci:f;r; %#So?ggr%itzlgmm)f;g; I;;g .eflsgjvitt?]t?rl]:%v:/cerropower savings. In particular, if a high-high-power filter with

9s. . . 109 : less than 1dB of insertion loss could follow the PA, cleaning all
mechanical LO, substantially increasing mobile phone standbé/purious outputs, including those arising from spectral
times. '

To assess the plausibility of this all-MEMS front-end, Oneregrqwth, then more eff|C|ent PA designs can be ut_|I|zed,
) . . espite their nonlinearity. For example, a PA previously

can determine whether or not this scheme yields a reasonable_". . . . X - .
. . . .. . restricted by linearity considerations to 30% efficiency in
noise figure requirement at the input node of the IF amplifier in

Fig. 23. An expected value for RF image reject filter insertionmesem'd.ay tran_sm|tter grphltectures, may QOW be oper_able
c(::lr(])ser to its maximum efficiency, perhaps 50%. For a typical

loss islL.~0.2dB, assuming that three resonators are used, eatransmit power of 600mW, this efficiency increase corresponds

with Q=5,000. Using the value for mixer-filter noise figure . -
NF+=3.5dB projected in Section 3.4, the total combined nois%%ﬁ%ogza V\L/,;; dpogjirhszglg?;sl,fs T&Le tEZE;EEL;AethEgggi};s
figure NF¢, =3.7dB. Given 1S-98-A's requirement that the ! '

. o .
receiver noise figur&lFry<7.8dB (with a 2dB conservative approaching 100%, the power savings could be much larger.

design buffer), the needed value at the IF amplifier input i In addition to the MEMS-based channel-select RF filter

9 | . pimer input. %ank, the architecture of Fig. 24 also features a micromechani-
NF,<4.1dB, which can be reasonable if the IF amplifier gain upconverter that uses a mixer-filter device, such as
can be increased to suppress the noise of succeeding stages I‘?—J '

baseband strips for GSM wifiF~3.8dB are, in fact, already d_escr_lbed In Sect|o_n 34 t(.) upconvert and f||t§_r the informa-
available [42]. tion signal before directing it to the power amplifier.
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Fig. 24: RF channel-select transmitter architecture, possible only if high power umechanical resonators can be achieved. Here, on-chip
pumechanical blocks are shaded, and the PA is not necessarily implemented on-chip.

6. Research Issues -28 FT T T T 5 o [ T T T ]

As stated at the beginning of Section 4, the transceiver T | 1 @ ol ]
architectures described above rely to some extent on perfor- = wul | =20 1
mance characteristics not yet attained by pmechanical resona 9 6l 1 2 = 1
tors, but targeted by ongoing research efforts. Specifically, 2wt S ]
pmechanical devices with the following attributes have been @ 40 r Q=4,078%\ 1 & [ Q=50,050 1
assumed: (1) adequate Q at UHF frequencies; (2) sufficient lin- |‘_E 2 ] ,’_3 50 b .
earity and power handling capability; (3) usable port imped- ML M g L
anCES, and (4) massve &ale Integranon me'[hOdS 3128 3129 313 313.1 313.2 310 310.1 310.2 3103 3104

Frequency [kHz] Frequency [kHz]
6.1. Frequency and Q @ (b)

As previously mentioned, since TFR's can already operaterig, 25: Measured transconductance spectra for (a) aPOCl5-doped
in the 3-7 GHz range witlQ’s of ~1,000, vibrating microme- resonator and (b) an implant-doped version, both after
chanical high® tanks operating at UHF already exist. How- furnace annealing.
ever, although their ~2Q0m diameters are much smaller than Table VI: Doping Recipes
corresponding dimensions on macroscopic counterparts, TFR’
are still much larger than the micromechanical beams POCl; Implant
described in Section 3, which can have lengths less tham10 - : - :
at UHF. Since tiny size is paramount in many of the proposed (0 Eeposn.z Hm LPC’\./D (0 Deposn.l Hm LPC’\./D

. : : . : ine-grained polysilicon fine-grained polysili-
m|cromec_han|cal architectures of Secpon_4 and 5, especially @ 588°C con @ 588°C
those calllng for banks of numerous h@_hﬁlters or resona- (i) Dope 2.5 hrs. @ 950°Cin |(ii) Implant phosphorous:
tors, the ultimate frequency range of micromechanical beam =~ pocl, gas Dose=106 cm?,
resonators is of great interest. Table 1 of Section 3.2 showed(jii)Anneal for 1 hr. @ Energy=90 keV
that from a purely geometric perspective, the frequencies 1100°C in N, ambient (i) Deposit 1 um LPCVD
required by the architectures of Section 4, from 10 MHz to fine-grained polysili-
2.5 GHz, are reasonable for beam elements. Geometry, howt con @ 588°C
ever, is only one of many important considerations. Indeed, the (iv)Annedl for 1 hr. @
applicable frequency range of micromechanical resonators will 1100°C in Np ambient

also be a function of several other factors, including:

(1)quality factor, which may change with frequency for a giverEach of the above phenomena are currently under study. In par-
material, depending upon frequency-dependent energy logisular, assuming adequate vacuum can be achieved, the ulti-

mechanisms [43]; mate quality factor will be strongly dependent upon the
(2)linearity and power handling ability, which may decrease ag'aterial type, and even the manufacturing process. For exam-
the size of a given resonator decreases [18]; ple, surface roughness or surface damage during fabrication

(3)series motional resistan& (c.f., Fig. 14), which must be may play a role in limiting quality factor. In fact, preliminary
' ' results comparing the quality factor achievable in diffusion-

minimized to allow impedance matching with other trans-

ceiver components and to alleviate filter passband distortioﬂ‘jped polysilicon structures (which exhibit substantial pitting
due to parasitics [17], [44], [45]; of the poly surface) versus implant-doped ones, indicate that

.the latter exhibit almost an order of magnitude higbet fre-

(4)absolute and matching tolerances of resonance frequenmaﬁ,encies near 10 MHz. Figure 25 presents measured transcon-
which will both be functions of the fabrication technology 4, ctance spectra for two comb-driven folded-beam

and of frequency trimming or tuning strategies [46]; and micromechanical resonators fabricated in the same polycrystal-
(5)stability of the resonance frequency against temperatulhe material, but doped differently—one PQ@oped, the

variations, mass loading, aging, and other environmentgther phosphorous implant-doped—using the process

phenomena. sequences summarized in Table VI [46]. The differend@ im
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trode-to-resonator gap spacing of d~2,000A, so a rather large
Vp was needed to provide a sufficient output level.)

What loss mechanisms await at GHz frequencies for flex-
ural-mode resonators is, as yet, unknown. In particular, there is
concern that frequency-dependent material loss mechanisms
may cause&) to degrade with increasing frequency. Again,
however,Q’s of over 1,000 at UHF (and beyond) have already
been achieved via thin-film bulk acoustic resonators based on
longitudinal resonance modes and piezoelectric structural
materials. It is hoped thatmechanical resonators based on
chemical vapor deposited (CVD) materials can refsnof at
least 8,000 at similar frequencies.

Quarter-Wavelength
Torsional Beam

Drive Anchor

Electrode

13.3um -
14.9um \

Flexural-Mode
Beam

!:- Ilj Anchor

Fig. 26: SEM of afree-free beam virtually levitated micromechan-
ical resonator with relevant dimensions for f,=71 MHz.

Ground Plane and
Sense Electrode

6.2. Linearity and Power Handling

Macroscopic high® filters based on ceramic resonator or
SAW technologies are very linear in comparison with the tran-

T T T T T

- Design/Performance . . oy .
7151 L,=13.1um, W,=6pm sistor blocks they interface with in present-day transceivers. As
r h=2um, d=0.1um a result, their contributions to the total 1IP3 budget can gener-
'72'5: We?z_'%%"z‘s\l\/mzw ally be ignored in the majority of designs. In scaling the sizes
735 &@:7,450 of high-Q filtering devices to the micro-scale, however, linear-

] ity considerations must now be reconsidered, since past experi-
B ence often says that the smaller the device, the less power it
can handle.

i For the capacitively-drivepmechanical resonator of Fig. 4,

B an approximate expression for the magnitude of the in-band

force component ab, arising from third order intermodulation

of two out-of-band interferers ay=w,+Aw andwy,=0y+2Aw

Transmission [dB]

1 1 1 1 1

92.22 92.24 92.26 92.28 92.30
Frequency [MHz]

Fig. 27: Frequency characteristic for a fabricated 92.25 MHz free-
free beam micromechanical resonator.

very intriguing, and is consistent with a surface roughness-

can be derived by considering nonlinearities in the input capac-
itive transducer. Assuming that resonator displacements are
small enough that stiffening nonlinearity can be neglected,

such a derivation yields [18
dependent dissipation mechanism. y [18]

From a design perspective, one Q-limiting loss mechanism
that becomes more important with increasing frequency isloss
to the substrate through anchors. The frequency dependence of
this mechanism arises because the stiffness of a given resona-
tor beam generally increases with resonance frequency, giving
rise to larger forces exerted by the beam on its anchors during
vibration. As a consequence, more energy per cycle is radiated
into the substrate via the anchors. Anti-symmetric resonance
designs, such as balanced tuning forks, could prove effective in 1
alleviating.thissource of energy Ioss._ ' ‘1_(w/wu3d8)2+jw/(Qwu3dB)‘ '

Alternatively, anchor loss mechanisms can be greatly allevi-
ated by using “anchor-less” resonator designs, such as show#ierewp=w,*B/2 is the 3dB frequency at the upper edge of
in Fig. 26. This recently demonstrated device utilizes a freethe filter passband. Equating (34) with the in-band force com-
free beam (i.e., xylophone) resonator suspended by four toponent (i.e., the second term of (5)), then solvingfothe
sional supports attached at flexural node points. By choosin¢f3 for a 70MHzumechanical resonator is found to be around
support dimensions corresponding to a quarter-wavelength 32dB [18]. This is adequate for virtually all receive path func-
the free-free beam’s resonance frequency, the impedance pF@.nS, except for those in standards that allow simultaneous
sented to the beam by the supports can be effectively nulldeansmit and receive (such as CDMA), where the RF preselect
out, leaving the beam virtually levitated and free to vibrate as filter is required to reject out-of-band transmitter outputs to
it had no supports [11]. Figure 27 presents the frequency chaglleviate cross-modulation phenomena [37]. For such situa-
acteristic for a 92.25 MHz version of thisnechanical resona- tions, at least at present, a more linear filter must precede the
tor, Showing @ of near|y 8,000—still p|enty for channel- filter bank of Flg 22 if cross-modulation is to be SUfﬁCientIy
select RF applications. (Note that the excessive loss in tHalppressed. This additional filter, however, can now have a
spectrum of Fig. 27 is an artifact of improper impedancevery wide bandwidth, as it has no other purpose than to reject
matching between the resonator output and the measureméf@nsmitter outputs. Thus, it may be realizable with very little
apparatus. In addition, this resonator used a conservative eld@sertion loss using on-chip (perhaps micromachined) inductor

1(80Ao)2 VP
Fo. = V3 CFE —[20,+0
M, i D4 dg kreff[ 1 2]
(34)
§(€OAO)4 VIg 929 D

—_— 2|:|
2 dél krseff ' O

L 38R VR
AT k2

T eff

0,[0, +20,] +

where®,=0(w;), ©,=0(w»), and

O(w) =

(35)
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and capacitor technologies [8]. Sensor Polysilicon

It should be noted that the above hindrances exist mainly for thox Metal
systems using simultaneous transmit and receive. Burst mode, BPSG \‘
quasi-time-duplexed systems, such as GSM, should be able to

n+
p p-

Air
use the micromechanical RF channel-selector by itsalf, without runner J
the need for atransmit reject filter.
It should also be mentioned that higher power handling

micromechanical resonators are also presently being investi-
gated. Among approaches being taken are the use of alternative
geometries (e.g., no longer flexural mode) and the use of alter-
native transduction (e.g., piezoelectric, magnetostrictive). Such
research efforts are aimed at not only out-of-band transmit
power rejection, but on in-band handling of transmit power, as
well, with a goal of realizing the RF channel-select transmit

Fig. 28: Cross-section of the sensor area in Anaog
Devices’ BiMOSII process [47].

7. CircuitYMEM S Integration Technologies

Although a two-chip solution that combines a MEMS chip
with a transistor chip can certainly be used to interfave-

architecture described in Section 5.
6.3. Resonator | mpedance

Thin-film bulk acoustic resonators can already impedance
match to conventional antennas, so if their frequency, Q, yield,
size, and integration capacity are adequate for a given architec-
ture (e.g., the al-MEMS architecture of Section 4), then they
present a very good solution. If higher Q is needed, however,
then pumechanical resonators may be better suited for the given
application. From Table 3, RF pmechanical filters should be

chanical circuits with transistor circuits, such an approach
becomes less practical as the numberroéchanical compo-
nents increases. For instance, practical implementations of the
switchable filter bank in Fig. 21 require multiplexing support
electronics that must interconnect with eaohechanical
device. If implemented using a two-chip approach, the number
of chip-to-chip bonds required could become quite cumber-
some, making a single-chip solution desirable.

In the pursuit of single-chip systems, several technologies
_ ' _ that merge micromachining processes with those for integrated
ableto match to 300Q impedances, provided their electrode-to-  ¢jrcuits have been developed and implemented over the past
resonator gaps can be made down to d~80A. Since electrode- geveral years. These technologies can be categorized into three
to-resonator gaps are achieved via a process very similar to thﬁtajor approaches: mixed circuit and micromechanics, pre-cir-

used to achieve MOS gate oxides [18], such gaps are ngjits and post-circuits. Each is now described.

unreasonable. However, device linearity generally degrade7s1 Mixed Circuit and Mi hani
with decreasingl, so practical designs must balance linearity’ "~ X Ireuit an ICromechanics
In the mixed circuit/micromechanics approach, steps from

with impedance requirements [18].
In cases where linearity issues constrain the minimaona ~ both the circuit and the micromachining processes are inter-

value larger than that needed for impedance matching (assuffiingled into a single process flow. Of the three approaches,
ing a fixedVp), severaumechanical filters with identical fre- this one has so far seen the most use. However, it suffers from
quency characteristics may be used to divide down the needd#o major drawbacks: (1) many passivation layers are required
value of termination impedance. For example, ten of the filteréone needed virtually every time the process switches between
in the fourth column of Table 3 can be hooked up in parallel téircuits andumechanics); and (2) extensive re-design of the
realize anRy=2000/10=20Q. Note that the use of numerous Process is often necessary if one of the combined technologies
filters in parallel also increases the power handling threshol&¢hanges (e.g., a more advanced circuit process is introduced).
For example, if a given micromechanical filter were designedPespite these drawbacks, mixed circuit/micromechanics pro-
to handle 10 mW of power while retaining adequate linearitycesses have unquestionably made a sizable commercial impact.
then ten of them will handle 100 mW. In particular, Analog Devices’ BiMOSII process (Fig. 28 [47]),
Once again, the ability to use of numerous Hgalements ~ Which has successfully produced a variety of accelerometers in
in complex micromechanical circuits without regard to sizdarge volume, is among the most successful examples of mixed
greatly extends the applicable range of micromechanical signgircuit/micromechanics processes.
processors. Given a suitable massive-scale trimming tecl-2. pre-Circuits

hique, the gbove parallel filter splution may work well even in In the pre-circuits approach, micromechanics are fabricated
the transmit path, perhaps making plausible some of the MOF& a first module, then circuits are fabricated in a subsequent

aggressive power saving transmit architectures, such as thatn%dule and no process steps from either module are intermin-

Fig. 24. gled. This process has a distinct advantage over the mixed pro-
6.4. Massive Scale I ntegration cess above in that advances in each module can be
Massive scale manufacturing technology capable of comRccommodated by merely replacing the appropriate module.
bining MEMS and transistor circuits onto single chips consti-Thus, if a more advanced circuit process becomes available,
tutes the fourth major research issue mentioned at th&e whole merging process need not be re-designed; rather,
beginning of this section. The importance and breadth of thignly the circuits module need be replaced. An additional

topic, however, demands a section of its own, which now foladvantage is that only one passivation step is required after the
lows. micromechanics module.
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Fig. 29: Cross-section of Sandia®IEMS process [48].

One of the main technological hurdles in implementing this
process is the large topography |eftover by micromechanical
processes, with features that can be as high as 9 um, depending
upon the number and geometry of structural layers. Such
topographies can make photoresist spinning and patterning
quite difficult, especially if submicron circuit features are
desired. These problems, however, have been overcome by
researchers at Sandia National Laboratories, whose iIMEMS
process (Fig. 29) performs the micromechanics module in a
trench, then planarizes features using chemica mechanical pol-
ishing (CMP) before doing the circuits module [48].

7.3. Post-Circuits

The post-circuit approach is the dual of pre-circuits, in
which the circuits module comes first, followed by the micro-
mechanics module, where again, no process steps from either
module are interspersed. This process has all the advantages of
pre-circuits, but with relaxed topography issues, since circuit
topographies are generally much smaller than micromechani-
cal ones. Asaresult, planarization is often not necessary before
micromechanics processing. Post-circuit processes have the
additional advantage in that they are more amenable to multi-
facility processing, in which a very expensive fabrication facil-
ity (perhaps a foundry) is utilized for the circuits module, and
relatively lower capital micromechanics processing is done in-
house at the company site (perhaps a small start-up). Such an
arrangement may be difficult to achieve with a pre-circuits pro-
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Fig. 30: (@) Cross-section of the MICS process [17]. (b)
Overhead-view of afully integrated micromechani-
cal resonator oscillator fabricated using MICS [17].

perature poly-SiGe as the structural material, with very little (if
any) reduction in micromechanical performance [51].

7.4. Other Integration Approaches

There are number of other processes that can to some extent
be placed in more than one of the above categories. These
include front bulk-micromachining processes using deep reac-
tive-ion etching (DRIE) [50] or anisotropic wet etchants [52]
and other processes that slightly alter conventional CMOS pro-
cesses [53]. In addition, bonding processes, in which circuits
andumechanics are merged by bonding one onto the wafer of
the other, are presently undergoing a resurgence [54]. In partic-
ular, the advent of more sophisticated aligner-bonder instru-
ments are now making possible much smaller bond pad sizes,
which soon may enable wafer-level bonding with bond pad
sizes small enough to compete with fully planar processed
merging strategies in interface capacitance values. If the bond
capacitance can indeed be lowered to this level with acceptable
bonding yields, this technology may well be the ultimate in

cess because IC foundries may not permit “dirty” microma'modularity.

chined wafers into their ultra-clean fabrication facilities.

From a cost perspective, which technology is best depends

Post-circuit processes have taken some time to develop. The 4 large extent on how much of the chip area is consumed by

main difficulty has been that aluminum based circuit metallizay;epms devices in the application in question. For cases where
tion technologies cannot withstand subsequent high tempergie MEMS utilizes only a small percentage of the chip area,

ture processing required by many micromechanics processespgnding approaches may be more economical, since a larger
especially those that must achieve h@hThus, compromises  nmper of MEMS chips can be achieved on a dedicated wafer.
in either the circuits process or the micromechanics proceggy; cases where MEMS devices take up a large amount of chip

have been necessary, undermining the overall modularity of thgea or where node capacitance must be minimized for highest
process. The MICS process (Fig. 30 [17], [49]), which usedherformance, planar integration may make more sense.
tungsten metallization instead of aluminum to withstand the i

high temperatures used in a following polysilicon surface’-+-1- Vacuum Encapsulation . . . .
micromachining module, is a good example of a post-circuits From a broader perspective, the integration techniques dis-
process that compromises its metallization technology. Morgussed above are really methods for achieving low capacitance
recent renditions of this process have now been introduced tH@ckaging of microelectromechanical systems. From the dis-

retain aluminum metallization, while substituting lower tem-Cussion in Section 3.2, another level of packaging is required
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Fig. 31: Process flow for vacuum-encapsulating a micromechanical resonator via planar processing. (a) Cross-section iafteedfetely
structural poly etch. (b) Deposit and pattern a thick, reflown PSG. (c) Deposit upper ground plane polysilicon anddicsmfihnd.
(d) Pattern etch windows in the cap. (e) Deposit permeable polysilicon [55]. (d) Etch sacrificial oxide (i.e., releasesysatgr
HF, which accesses the sacrificial oxide through the permeable polysilicon, then dry via supercrt[&8] Galding the cross-sec-
tion in (f). (g) Seal shell under vacuum via a second cap nitride deposition done in via LPCVD. Details for this procdesmaimbe

[55].

to attain high Q vibrating pmechanical resonators: vacuum
encapsulation. Although the requirement for vacuum is unique
to vibrating pmechanical resonators, the requirement for
encapsulation is nearly universal for all of the micromechani-
cal devices discussed in this paper. In particular, some protec-
tion from the environment is necessary, if only to prevent
contamination by particles (or even by molecules), or to isolate
the device from electric fields or feedthrough currents.

The need for encapsulation is, of course, not confined to
communications devices, but also extends to the vast majority
of micromechanical applications, e.g., inertial navigation sen-
sors. For many micromechanical applications, the cost of the
encapsulation package can be a significant (often dominating)
percentage of thetotal cost of the product. Thus, to reduce cost,
packaging technologies with the highest yield and largest
throughput are most desirable. Pursuant to this philosophy,

8. Conclusions

Vibrating umechanical resonators constitute the building
blocks for a new integrated mechanical circuit technology in
which highQ serves as a principal design parameter that
enables more complex circuits. By combining the strengths of
integratedumechanical and transistor circuits, using both in
massive quantities, previously unachievable functions become
possible that enable transceiver architectures with projections
for orders of magnitude performance gains. In particular, with
the addition of high® umechanical circuits, paradigm-shifting
transceiver architectures that trade power for selectivity (i.e.,
Q) become possible, with the potential for substantial power
savings and multi-band reconfigurability. To reap the benefits
of these new architectures, however, further advancements in
device frequency, linearity, and manufacturability are required.
Research efforts are ongoing, and it is hoped that this chapter

Wafer-level packaging approaqhes—some based on planar pjos¢ provided enough background information and research
cessing, some based on bonding—have been the focus of myghaight to instigate new efforts towards making mechanical

research in recent years. Figure 31 presents cross-sections
summarize one approachwafer-level vacuum encapsulation

Brtuits commonplace in the near future.

[55], in which planar processing is used to realize an encaps b
lating cap. Although this and other encapsulation strategi

have shown promise [57]-[60], there is still much room for

improvement, especially given the large percentage of totd?]
product cost attributed to the package alone. Research to
reduce the cost (i.e., enhance the yield and throughput) of
encapsulation technologies continues. [3]
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