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Abstract

Transceiver architectures are 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
micromechanical RF channel-selector and one featuring an
all-MEMS RF front-end. These architectures maximize per-
formance gains by using highly selective, low-loss microme-
chanical circuits on a massive scale, taking full advantage of
Q versus power trade-offs. Micromechanical filters, mixer-
filters, and switchable synthesizers are identified as key
blocks capable of substantial power savings when used in the
aforementioned architectures. As aresult of this architectural
exercise, more focused directions for further research and
development in RF MEMS are identified.

|. Introduction

Recent demonstrations of vibrating beam micromechani-
cal (“pmechanical™) resonator devices with frequenciesin
the VHF range and Q’s in the tens of thousands (c.f., Fig. 1
[1]) have sparked a resurgence of research interest in com-
munication architectures using high-Q passive devices. Much
of the interest in these devices derives from their use of I1C-
compatible microelectromechanical systems (MEMS) fabri-
cation technologies[2,3] to greatly facilitate the on-chip inte-
gration of ultra-high-Q passive tanks together with active
transistor electronics, allowing substantial size reduction.

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) usng MEM S
technology, vibrating pmechanical resonators (or pmechani-
cal links) can now be thought of astiny circuit elements,
much like resistors or transistors, in anew mechanical circuit
technology. Like a single transistor, a single mechanical link
does not possess adequate processing power for most appli-
cations. However, again like transistors, when combined into
larger (potentially, VLSI) circuits, the true power of pme-
chanical links can be unleashed, and signal processing func-
tions with attributes previously inaccessible to transistor
circuits may become feasible. This in turn can lead to archi-
tectural changes for communication transceivers. MEM S
technology may in fact make its most important impact not at
the component level, but at the system level, by offering
aternative transceiver architectures that emphasize selectiv-
ity to substantially reduce power consumption and enhance
performance [4]. After reviewing the pmechanical devices
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Fig. 2: Perspective-view schematic of a clamped-clamped
beam pmechanical resonator in a general bias and exci-
tation configuration.

most applicable to communications applications, this paper
explores receiver and transmitter front-end architectures that
can best harness the advantages of MEMS.

I1. Vibrating Micromechanical Signal Processors

For communications applications, clamped-clamped [5]
and free-free [1] flexural-mode beams with Q’s on the order
of 10,000 (in vacuum) and temperature coefficients on the
order of —12ppm/°C, have been popular for the VHF range,
while thin-film bulk acoustic resonators [6] (Q~1,000) have
so far addressed the UHF range. To ssimplify the discussion,
and because they have so far been the most amenable to the
implementation of mechanical circuits, this section will focus
on clamped-clamped beam pmechanical resonators.

A. Clamped-Clamped Beam Micromechanical Resonators

Figure 2 presents the perspective-view schematic for a
clamped-clamped beam pmechanical resonator, indicating
key dimensions and showing a general bias and excitation
configuration. As shown, this device consists of a beam
anchored (i.e., clamped) at both ends, with an electrode
underlying its central locations. Both the beam and electrode



Tablel: pMechanical Resonator Frequency Design*

Freq. . h W L
Mbz) [ Material | Mode| bt |
70 silicon 1 2 8 14.54
110 silicon 1 2 8 11.26
250 silicon 1 2 4 6.74
870 silicon 2 2 4 4.38
870 diamond 2 2 4 8.88
1800 silicon 3 1 4 3.09
1800 diamond 3 1 4 6.16

* Determined for free-free beams using Timoshenko methods
that include the effects of finite h and W, [1].

are constructed of conductive materials, with doped poly-
crystalline silicon being the most common to date.

The vibrational resonance frequency f, of the clamped-
clamped beam of Fig. 2 is given approximately by the Euler-
Bernoulli expression [5]

[ Dlosf— —(1-g(Vp))¥2, (1)

where k. and m, are the effective stiffness and mass of the
beam at a given location; E and p are the Young's modulus
and density of the structural material, respectively; L, is spec-
ified in Fig. 2; he is an effective thickness that models the
influence of surface topography on the beam in actual imple-
mentations, [5,7]; and the function g models the action of a
dc-bias dependent electrical stiffness that adds to the
mechanical stiffness of the beam, allowing some voltage-
control of its frequency. From (1), geometry clearly plays a
major role in setting the resonance frequency, and in practice,
attaining a specified frequency amountsto CAD layout of the
proper dimensions. In general, the resonance frequency of a
mechanical resonator increases as its dimensions shrink (e.g.,
as the length of the beam in Fig. 2 decreases)—thus, the util-
ity of micro- or nano-scale mechanical resonators for VHF to
UHF communication applications. Table | presents expected
resonance frequencies for free-free flexural-mode beams
(c.f., Fig. 1) for various beam dimensions, modes, and struc-
tural materials, showing a wide range of attainable frequen-
cies, from VHF to UHF. Although Table | was generated for
free-free beams (which are more amenable to frequencies
beyond VHF, c.f., Section I1.C) using more accurate Timosh-
enko methods [1], the dimensions are nearly identical for
clamped-clamped beams at the same frequencies.

As shown in Fig. 2, this device accepts two electrical
inputs, v and vy, applied to the electrode and beam, respec-
tively. In this configuration, the difference voltage (Ve — V) IS
effectively applied across the electrode-to-resonator capaci-
tor gap, generating a force between the stationary electrode
and the movable beam given by

0E _ 1 oC oC
Fa =35 = 5(Ve=W)?5; = -(V 2y V)52 (2)
where x is displacement (with direction indicated in Fig. 2),
and (0C/0x) is the change in resonator-to-el ectrode capaci-
tance per unit displacement. When using the resonator as a
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Fig. 3: Equivaent circuit for amechanical beam element biased
for tank or filter operation with one electrical port (volt-
agev;) and one mechanical port (forcefy). Here, myg, Ko,
and ¢, are the effective mass, stiffness, and damping
factor at the location of the electrode center, and expres-
sionsfor neand n¢ aregivenin [5].
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tank or filter circuit (as opposed to a mixer, to be discussed
later), adc-bias voltage Vp is applied to the conductive beam,
while an ac excitation signal v;=V;coswit is applied to the
underlying electrode. In this configuration, (2) reducesto

V2 V2
F, = ac =+ 2) vP Vcoswt+%c40032wt 3)

The first term in (3) represents an off-resonance dc force
that statically bends the beam, but that otherwise has little
effect on its signal processing function, especially for VHF
and above frequencies. The second term constitutes a force at
the frequency of the input signal, amplified by the dc-bias
voltage Vp, and is the main input component used in tank and
filter applications. When w;=w, (the radian resonance fre-
guency) this force drives the beam into resonance, creating a
dc-biased (via Vp) time-varying capacitance between the
electrode and resonator, and sourcing an output current
io=Vp(0C/ax)(ox/at). When plotted versus the frequency of
v, i traces out a bandpass biquad characteristic with a Q
~10,000 (c.f., Fig. 1)—very suitable for reference oscillators.

The third term in (3) represents a term capable of driving
the beam into vibration when w,=(1/2)w,,. If Vp isvery large
compared with V;, this term is greatly suppressed, but can be
troublesome for bandpass filters in cases where very large
interferers are present at half the passband frequency. In these
cases, apumechanical notch filter at (1/2)w, may be needed.

In addition to electrical inputs, mechanical force inputs
can also be applied at any location along the beam of Fig. 2,
usually by connecting a forcing beam at the desired location.
Accounting for both electrical and mechanical inputs, Fig. 3,
presents the equivalent circuit for a beam element, such as
depicted in Fig. 2, biased for tank or filter operation. Here,
the electrode-to-resonator capacitor has been treated as a sin-
gle electrical port, and asingle mechanical port has also been
added. In this circuit, a series LCR with element values pro-
portional to the mass m,, stiffness k;, and damping c, of the
beam element, is used to model its high-Q bandpass charac-
teristic. Transformers are then added to model the electrical-
to-mechanical signal conversion occurring at the input elec-
trode and the mechanical velocity transformation experi-
enced when attaching a mechanical coupling beam at
locations offset from the center of the beam [5].

In the design of pmechanical circuits comprised of inter-
linked beams, the equivalent circuit in Fig. 3 functionsin a
similar fashion to the hybrid-mtsmall-signal equivalent circuit
used for analog transistor circuit design. The main difference
between mechanical links and transistors are the basic fea-
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tures that make them useful as circuit elements: while transis-
tors exhibit high gain, mechanical links exhibit very large Q.
By combining the strong points of both circuit elements, on-
chip functions previously unachievable are now within the
realm of possibilities. We now touch upon afew of these.

B. HF Micromechanical Reference Tank.

The high Q and thermal stability of the resonance fre-
guency of single pmechanical beam elements, such as the
8.5-MHz CC-beam shown in Fig. 4, make them good candi-
dates for tanks in reference oscillator applications. In such
applications, the value of the series motional resistance R, of
the resonator is of utmost importance, since it, together with
the power handling ability of the resonator, dictates the start-
up and noise behavior of a given oscillator. Since R, ~(d¥
VPZ), where d is the electrode-to-resonator gap spacing (c.f.,
Fig. 2) [4], awide range of R, values (e.g., from 10Q to
10kQ) can be achieved through proper choice of d and Vp.
Often, however, linearity and power supply considerations
limit the set of usable R, valuesin a given application [7].

C. VHF Micromechanical Reference Tank.

Although impressive at HF, the CC-beam device of Fig. 4
begins to lose a substantial fraction of itsinternal energy to
the substrate at frequencies past 30 MHz, and this limits the
attainable Q at VHF. To retain Qs around 8,000 at VHF, a
beam with free-free ends is required, such as shown in Fig. 1,
in which additional mechanical circuit complexity is added to
allow free-free operation, and to reduce anchor losses to the
substrate [1]. Via proper support beam design, anchor losses
can be greatly attenuated in this structure, and Q’s on the
order of 8,000 are attained even at 92 MHz.

D. Micromechanical Filters

Among the more useful pmechanical circuits for commu-
nications are those implementing low-loss bandpass filters.
Figure 5(a) presents the perspective-view schematic of atwo-
resonator pmechanical filter, comprised of three mechanical
links interconnected in a network designed to yield the band-
pass spectrum shown in Fig. 5. The design of this filter has
been covered extensively in previous literature [5]. For the
present purposes, however, the operation of thisfilter can be
deduced from its equivalent circuit, shown in Fig. 5(b). Here,
each of the outside links serve as capacitively transduced
micromechanical resonators with equivalent circuits as
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Fig. 5: (&) Schematic of atwo-resonator micromechanical filter.
(b) Equivalent circuit for the filter of (a) [5].
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Tablell: Two-Resonator pM echanical Filter Design*

Gap Spacing, d
Ro[Q] O 300 | 500 | 1,000 | 2,000 | 5,000
fy =70 MHz 195A | 223A | 266A | 317A | 3997
f, =870 MHz 78R | 81A | 80A | 95A | 119A

* Determined with Q=10,000, BW=1.25MHz, Vp=10V.

shown in Fig. 3. The connecting link actually operates as an
acoustic transmission line, and thus, can be modeled by a T-
network of energy storage elements.

Thefilter isexcited in asimilar fashion to that described in
the previous sub-section, with a dc-bias voltage Vp applied to
the conductive mechanical network, and an ac signal applied
to the input electrode, but this time through an appropriately
valued source resistance that loads the Q of the input resona-
tor to flatten the passband [5]. The output resonator of the fil-
ter must also see a matched impedance to avoid passband
distortion. If the filter is designed symmetrically, with reso-
nator Q's much greater than that of the filter Qyy,, the
required value of 1/O port termination resistance can be tai-
lored for different applications via the expression

R |:lA/kremre _ kre
Q

aQné - 0,qQfNE’

where e denotes the center location of the electrode, and g is
anormalized constant obtainable from filter cookbooks [8].
Of the variablesin (4), the electromechanical coupling factor
Ne is often the most convenient to adjust for a desired value
of termination resistance. Given that r]e~(Vp/d2), wheredis
the electrode-to-resonator gap spacing [5], termination
impedance R% requirements and bias voltage Vp limitations
often dictate the el ectrode-to-resonator gap spacing for a par-
ticular resonator design. This can be seenin Tablel.

Figure 6 presentsthe SEM of afabricated 7.81-MHz pme-
chanical filter [5], with a measured frequency characteristic
showing less than 1 dB of insertion loss for a 0.22% band-
width—impressive performance for any passive on-chip fil-
ter, made possible by the ultra-high-Q of the constituent

4
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pmechanical beam elements.
E. Micromechanical Mixer-Filters

As indicated by (2), the voltage-to-force transducer used
by the described resonators is nonlinear, relating input force
F4 to input voltage (ve—V},) by a square law. When v,=Vp, this
nonlinearity is suppressed, leading to adominant force that is
linear with v, given by the second term of (3). If, however,
signal inputs are applied to both v, and v, a square law mixer
results. In particular, if an RF signal VgRg=VReCOSWRet is
applied to electrode e, and alocal oscillator signal v o=V o.
coswy ot to electrode b, then (2) contains the term

1 oC
Fq= ... ——VRFVLO—&COS((»RF—&)LO)H

5 ®)
which clearly indicates a mixing of voltage signals vge and
V| o down to aforce signal at frequency wjg=(wre—w, o). If
the above transducer is used to couple into a pmechanical fil-
ter with a passband centered at wjg, an effective mixer-filter
device results that provides both a mixer and filtering func-
tion in one passive, micromechanical device.

Figure 7(a) presents the schematic for a symmetrical pme-
chanical mixer-filter [9], showing the bias and input scheme
required for down-conversion and equating this device to a
system-level functional block. As shown, since this device
provides filtering as part of its function, the overall mechani-
cal structure is exactly that of a umechanical filter. The only
differences are the applied inputs and the use of a non-con-
ductive coupling beam to isolate the I F port from the LO.
Note that if the source providing Vp to the second resonator
isideal (with zero source resistance) and the series resistance

Non-conductive

in the second resonator is small, LO signals feeding across
the coupling beam capacitance are shunted to ac ground
before reaching the IF port. In redlity, finite resistivity in the
resonator material allows some amount of LO-to-1F |eakage.
The mixer conversion gain/lossin this device is governed
primarily by the relative magnitudes of the dc-bias Vp
applied to the resonator and the local oscillator amplitude
V| 0. Using (5), assuming Rq resistors given by (4), and
assuming thefilter structure presents alarge input impedance
to both vge and v g (since they are off-resonance), the
expression for conversion gain/loss takes the form
1 _Vio

G =

conv
Lconv P

20log [\EJ [dB].  (6)
Vp
Note that conversion gain is possibleif V| o> Vp.

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

NF = Lconv|dB + Lfltr|dB +3 [dB] ' (7)
where Lgy,|gg isthefilter insertion lossin dB. Possible values
mlght be LCOI’]VldBZOdB (Wlth VLO:VP) and Lﬂtrldeo'SdB!
leading to NF=3.5dB—very good calculated performance for
a combined mixer and filter using passive components.

[Il. Receiver RF Front-End ArchitecturesUsing MEM S

Having surveyed a subset of the mechanical circuits most
useful for communication applications, we now consider
methods by which these circuits are best incorporated into
communications sub-systems. Three approaches to using
micromechanical vibrating resonators are described in order
of increasing performance enhancement: (1) direct replace-
ment of off-chip high-Q passives; (2) use of an RF channel
select architecture using a large number of high-Q microme-
chanical resonatorsin filter banks and switchable networks;
and (3) use of an all-mechanical RF front-end. Since the
methods for achieving multi-band reconfigurability using
MEMS are obvious, the magjority of the discussion in this
section will focus on power savings issues.

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 chan-
nel-select architecture, pmechanical circuits are assumed to
be able to operate at UHF with Q’s on the order of 10,000.
Given that TFR’s already operate at UHF (but with Q’s of
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1,000), and 100MHz free-free beam pmechanical resonators
presently exhibit Q's around 8,000, the above assumed per-
formance values may, in fact, not be far away. At any rate,
the rather liberal approach taken in this sectionislargely ben-
eficial, since it better conveys the potential future impact of
MEMS technology, and provides incentive for further
advancements in this area. Nevertheless, in order to keep in
check the enthusiasm generated here, assumed performances
in this section are briefly re-evaluated in the next, with an eye
towards practical implementation issues.

A. Direct Replacement of Off-Chip High-Q Passives

Perhaps the most direct way to harness pmechanical cir-
cuits is via direct replacement of the off-chip ceramic, SAW,
and crystal resonators used in RF pre-select and image-reject
filters, IF channel-select filters, and crystal oscillator refer-
ences. A schematic depicting this approach is shown in
Fig. 8. In addition to high-Q components, Fig. 8 also shows
the use of other MEM S-based passive components, such as
medium-Q micromachined inductors and tunable capacitors
[2] used in VCO'’s and matching networks, as well as low-
loss (~0.1dB) pmechanical switches [10] that not only pro-
vide enhanced antenna diversity, but that can also yield
power savings by making TDD (rather than FDD) more prac-
tical in future transceivers.

Of course, the main benefits from the above approach to
using MEMS are size reduction and, given the potential for
integration of MEM S with transistor circuits, the ability to
move more components onto the silicon die. A limited num-
ber of performance benefits also result from replacement of
existing high-Q passives by pumechanical ones, such as lower
overall insertion loss (since pmechanical Q’s ~10,000 are
larger than those of presently used resonators), and the ability
to tailor the termination impedances required by RF and IF

filters (c.f., Table I1). Such impedance flexibility can be ben-
eficial when designing low-noise amplifiers (LNA's) and
mixers in CMOS technology, which presently often consume
additional power to impedance match their outputs to 50Q
off-chip components. If higher impedances can be used, for
example at the output of an LNA, significant power savings
are possible. As an additional benefit, since the source
impedance presented to the LNA input is now equal to Ry, it
can now be tailored to minimize noise figure (NF).

Although beneficial, the performance gains afforded by
mere direct replacement by MEMS are quite limited when
compared to more aggressive uses of MEM S technol ogy.
More aggressive architectures will now be described.

B. An RF Channel-Select Architecture

To fully harness the advantages of pmechanical circuits,
one must first recognize that due to their micro-scale size and
zero dc power consumption, pmechanical circuits offer the
same system complexity advantages over off-chip discrete
components that planar IC circuits offer over discrete transis-
tor circuits. Thus, to maximize performance gains, pmechan-
ical circuits should be utilized on a massive scale.

Figure 9 presents the system-level block diagram for a
possible receiver front-end architecture that takes full advan-
tage of the complexity achievable via umechanical circuits.
The main driving force behind this architecture is power
reduction, attained in several of the blocks by trading power
for high selectivity (i.e., high-Q). The key power saving
blocksin Fig. 9 are now described.

Switchable RF Channel Select Filter Bank.

If channel selection (rather than pre-selection) were possi-
ble at RF frequencies (rather than just at IF), then succeeding
electronic blocks in the receive path (e.g., LNA, mixer)
would no longer need to handle the power of alternate chan-
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nel interferers. Thus, their dynamic range can either be
greatly relaxed, allowing significant power reductions; or
maintained at the same level, in which case a much more
robust receiver ensues. In addition, the rejection of adjacent
channel interferers also allows reductions in the phase noise
requirements of local oscillator (LO) synthesizers, providing
further power savings and robustness.

To date, RF channel selection has been difficult to realize
via present-day technologies. In particular, low-loss channel
selection at RF would require tunable resonators with Q’sin
the thousands. Unfortunately, however, high-Q often pre-
cludes tunability, making RF channel selection viaasingle
RF filter avery difficult prospect.

On the other hand, it is still possible to select individual
RF channels via many non-tunable high-Q filters, one for
each channel, and each switchable by command. Depending
upon the standard, this could entail hundreds or thousands of
filters—numbers that would be absurd if off-chip macro-
scopic filters are used, but that may be perfectly reasonable
for micro-scale, passive, pmechanical filters.

Figure 10 presents one fairly simple rendition of the key
system block that realizes the desired RF channel selection.
As shown, this block consists of a bank of pmechanical fil-
terswith al filter inputs connected to a common block input
and all outputs to a common block output, and where each
filter passband corresponds to a single channel in the stan-
dard of interest. In the scheme of Fig. 10, a given filter is
switched on (with al others off) by decoder-controlled appli-
cation of an appropriate dc-bias voltage to the desired filter.
(Recall from (2) and (3) that the desired force input and out-
put current are generated in a umechanical resonator only
when adc-bias Vp is applied; without Vp, there's an open.)

The potential benefits afforded by this RF channel selector
can be quantified by assessing its impact on the LNA linear-
ity specification imposed by the |S-98-A interim standard for
CDMA cellular mobile stations [11]. In this standard, the
required 1Pz of the LNA is set mainly to avoid desensitiza-
tion in the presence of a single tone (generated by AMPS
[12]) spaced 900kHz away from the CDMA signal center fre-
guency. Here, reciprocal mixing of the local oscillator phase
noise with the 900kHz offset single tone and cross-modula-

tion of the single tone with leaked transmitter power outputs
dictate that the LNA 11P3 exceeds +7.6dBm [12]. However, if
an RF channel select filter bank such as shown in Fig. 10 pre-
cedes the LNA and is able to reject the single tone by 40dB,
the requirement on the LNA then relaxesto [1P3 <-29.3dBm
(assuming the phase noise specification of the LO is not also
relaxed). Given the well-known noise versus power trade-
offsavailable in LNA design [13], such arelaxation in 1P
can result in nearly an order of magnitude reduction in
power. In addition, since RF channel selection relaxes the
overall receiver linearity requirements, it may become possi-
ble to put more gain in the LNA to suppress noise figure (NF)
contributions from later stages, while relaxing the required
NF of the LNA itself, leading to further power savings.

Turning to oscillator power, if the single tone is attenuated
to 40dB, then reciprocal mixing with the local oscillator is
also greatly attenuated, allowing substantial reduction in the
phase noise requirement of the local oscillator. Requirement
reductions can easily be such that on-chip solutions to real-
ization of the receive path VCO (e.g., using spiral inductors
and pn-diode tunable capacitors) become plausible.

Switchable Micromechanical Resonator Synthesizer.

Although the pmechanical RF channel-selector described
above may make possibl e the use of existing on-chip technol-
ogies to realize the receive path VCO, this approach is not
recommended, since it denies the system from achieving
much greater power reduction factors that may soon be avail-
able through MEM S technology. In particular, given that
power and Q can often be interchanged when designing for a
given oscillator phase noise specification, a better approach
to implementing the VCO would be to use umechanical reso-
nators (with orders of magnitude higher Q than any other on-
chip tank) to set the VCO fregquency. In fact, with Q’s as high
as achievable via pmechanics, the basic design methodol o-
gies for oscillators must be re-evaluated. For example, in the
case where the oscillator and its output buffer contribute
phase noise according to Leeson’s equation [14], where the 1/
f2-to-white phase noise corner occurs at (fo/(2Q)), a tank
Q>1,500 is all that would be required to move the 1/f-to-
white phase noise corner close enough to the carrier that only
white phase noise need be considered for CDMA cellular
applications, where the phase noise power at frequency off-
sets from 285kHz to 1515kHz is most important. If only
white noise is important, then only the output buffer noise
need be minimized, and sustaining amplifier noise may not
even be anissue. If so, the power requirement in the sustain-
ing amplifier might be dictated solely by loop gain needs
(rather than by phase noise needs), which for a pmechanical
resonator-based VCO with R~40Q, L,~84uH, and C,~0.5fF,
might be less than ImW.

To implement atunable local oscillator synthesizer, a swit-
chable bank is needed, similar to that of Fig. 10 but using
pmechanical resonators, not filters, each corresponding to
one of the needed L O frequencies, and each switchable into
or out of the oscillator sustaining circuit [4]. Note that
because pmechanical resonators are now used in this imple-
mentation, the Q and thermal stability (with compensation)
of the oscillator may now be sufficient to operate without the
need for locking to a lower frequency crystal reference. The
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power savings attained upon removing the PLL and prescaler
electronics needed in past synthesizers can obviously be
quite substantial. In effect, by implementing the synthesizer
using umechanical resonators, synthesizer power consump-
tion can be reduced from the ~90mW dissipated by present-
day implementations using medium-Q L and C components
[15], to something in the range of only 1-4 mW. Again, all
this is attained using a circuit topology that would seem
absurd if only macroscopic high-Q resonators were available,
but that becomes plausible in the pmechanical arena.

Micromechanical Mixer-Filter.

The use of a pmechanical mixer-filter in the receive path
of Fig. 9 eliminates the dc power consumption associated
with the active mixer normally used in present-day receiver
architectures. This corresponds to a power savings on the
order of 10-20 mW. In addition, if amultiple input electrodes
(one for RF, one for matching) are used for the mixer-filter,
the RF input can be made to appear purely capacitive to 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 capaci-
tance, asin [13], allowing power savings similar to that dis-
cussed in Section I11.A.

C. An All-MEMS 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 |osses 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. 11, which depicts a
receive path comprised of arelatively wideband image reject
pmechanical RF filter followed immediately by a narrow-
band IF mixer-filter that then feeds subsequent | F electronics.

The only active electronics operating at RF in this system are
those associated with the LO, which if it uses a bank of pme-
chanical resonators, can operate at 1-4 mW. If plausible, the
architecture of Fig. 11 clearly presents enormous power
advantages, eliminating completely the power consumption
of the LNA and active mixer of Fig. 8—atotal power savings
on the order of 40mW—and, together with the pmechanical
L O, substantially increasing mobile phone standby times.

To assess the plausibility of this all-MEMS front-end, one
can determine whether or not this scheme yields a reasonable
noise figure requirement at the input node of the IF amplifier
in Fig. 11. An expected value for RF image reject filter inser-
tion loss is IL~0.2dB, assuming that three resonators are
used, each with Q=5,000. Using the value for mixer-filter
NF,+=3.5dB projected in Section I, the total combined
NF4 7=3.7dB. Given | S-98-A’s requirement that the receiver
NFRrx<7.8dB, the needed value at the IF amplifier input is
NF,£<4.1dB, which can be reasonableif the |F amplifier gain
can be increased to suppress the noise of succeeding stages.

It should be noted that Fig. 11 represents only one of many
possible all-MEM S front-end topologies. For example, instead
of using aMEMS array in the high-frequency local oscillator
synthesizer as done in Fig. 11, the array complexity can be
moved to lower frequencies, such asdonein Fig. 12, wherethe
LOisnow afixed oscillator using only one UHF pmechanical
resonator tank, and where a switchable array of mixer-filter
devicesis now employed to do IF channel-selection. Although
it entails greater mechanical circuit complexity since many
mixer-filter circuits are now needed (instead of many single
resonators), the architecture of Fig. 12 might actually be pre-
ferred over that of Fig. 11, since its umechanical array is now
only at the much lower IF frequency, rather than at RF.

Although the all-MEMS front-end architectures of



> Mech. RF Highly ==
| |DAC % >® uMech. Il\l/lixer-FiIter Efficient - Antenna
IF Filter
@ == j
— o | | T
% = = ,
[ ]
[ ]
Q |pac {2 B
Switchable o=
IQ || uMech. uMech. Res.
Osc. (— uRes. Oscillator uMech. RF
Channel Selector

Fig. 13: RF channel-select transmitter architecture, possible only if high power pmechanical resonators can be achieved. Here, on-chip
pmechanical blocks are shaded, and the PA is not necessarily implemented on-chip.

Figs. 11 and 12 may at first seem the most preposterous of
the bunch, early versions of the primary filtering and mixing
devices required for their implementation have aready been
demonstrated. In particular, TFR image-reject filters have
been demonstrated at UHF frequencies with insertion losses
of less than 3dB [6]. It should be noted, however, that the
first demonstrated mixer-filter based on polysilicon clamped-
clamped beam pmechanical resonators achieved NF,=15dB
[9]—quite worse than the 3.5dB used in the above calcula-
tion, and in fact, a value that precludes the use of Figs. 11 or
12. It is not unreasonable, however, to expect that future ren-
ditions of mixer-filters, perhaps using more appropriate reso-
nators (e.g., higher Q free-free beams, rather than clamped-
clamped), might be able to achieve the projected 3.5dB.

IV. An RF Transmitter Architecture UsingMEMS

Due to alack of sufficient in-band power handling capa-
bility, very little consideration has been given to date to the
possibility of using pmechanical resonators in the transmit
path. However, research efforts are presently underway to
remedy this, and if successful, equally compelling MEMS-
based transmit architectures can also be proposed.

Figure 13 depicts one rendition, in which an RF channel-
selector is placed after the power amplifier (PA) in the trans-
mit path. This channel selector might utilize a similar circuit
asthat of Fig. 10, but using pmechanical resonators with suf-
ficient power handling capability. Assuming for now that
such devices are possible, this transmit topology could pro-
vide enormous power savings. In particular, if a high-Q,
high-power filter with less than 1dB of insertion loss could
follow the PA, cleaning all spurious outputs, including those
arising from spectral regrowth, then more efficient PA
designs can be utilized, despite their nonlinearity. For exam-
ple, a PA previously restricted by linearity considerations to
30% efficiency in present-day transmitter architectures, may
now be operable closer to its maximum efficiency, perhaps
50%. For atypical transmit power of 600mW, this efficiency
increase corresponds to 800mW of power savings. If amore
efficient PA topology could be used, such as Class E, with
theoretical efficiencies approaching 100%, the power savings
could be much larger.

In addition to the MEM S-based channel-select RF filter
bank, the architecture of Fig. 13 also features a microme-
chanical up-converter that uses a mixer-filter device, such as
described in Section I1.E, to up-convert and filter the infor-
mation signal before directing it to the power amplifier.

V. Research |ssues

As stated at the beginning of Section |11, the transceiver
architectures described above rely to some extent on perfor-
mance characteristics not yet attained by pmechanical reso-
nators, but targeted by ongoing research efforts. Specifically,
pmechanical devices with the following attributes have been
assumed: (1) adequate Q at UHF frequencies; (2) sufficient
linearity and power handling capability; (3) usable port
impedances; and (4) massive scale integration methods.

A. Frequency and Q

Table | of Section Il showed that from a purely geometric
perspective, the frequencies required by the architectures of
Section |11 are reasonable. However, frequency is not really
the main issue; Q is. The most important question is whether
high-Q can be maintained as frequencies increase, since new
loss mechanisms may be introduced as frequencies increase.
As an already mentioned case in point, anchor losses in
clamped-clamped beams become excessive past 50MHz,
making free-free beams (that effectively remove anchors)
much more suitable for mid-VHF and UHF frequencies [1].
What |0ss mechanisms await at GHz frequencies for flexural-
mode resonators is, as yet, unknown. However, as mentioned
in Section |1, Q’s of over 1,000 at UHF (and beyond) have
already been achieved via 200 um-diameter thin-film bulk
acoustic resonators (FBAR'’s) based on longitudinal reso-
nance modes and piezoel ectric structural materials [6].
Although not the Q of 10,000 needed for RF channel-select
applications, the Q’s attained by FBAR's at GHz frequencies
constitute a proof of concept for vibrating mechanical reso-
nators, and with the availability of better structural materials
(e.g., LPCVD polysilicon, instead of sputtered AIN), it is not
implausible that pmechanical resonators may yet achieve Q
~10,000 at GHz frequencies.

Still, there are concerns that “scaling-induced” perfor-
mance limitations, such as adsorption-desorption noise [16],
thermal fluctuation noise [16], power handling limitations
[7], and Q loss due to increases in surface-to-volume ratio as
devices are scaled [17], will ultimately limit the frequency
range of pmechanical resonators. To suppress such “scaling-
induced” limitations, more recent pmechanical resonator
designs now use extensional, rather than flexural vibration
modes, to allow UHF frequencies while avoiding sub-pm
dimensions. The 34 um-diameter radial contour-mode disk
resonator shown in Fig. 14 is one such device, which vibrates
via uniform, well-balanced, radial expansion and contraction
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along its perimeter to achieve aQ >9,000 at 156 MHz [18]. It
is not unreasonable to expect this device to maintain similar
Q values when scaled beyond 1 GHz.

B. Linearity and Power Handling

Macroscopic high-Q filters based on ceramic resonator or
SAW technologies are very linear in comparison with the
transistor blocks they interface with in present-day transceiv-
ers. As aresult, their contributions the total 11P5 budget can
generally be ignored in the majority of designs. Although
capacitively transduced pmechanical resonators are generally
more linear than transistor circuits, with semi-empirical
[1P3’s of +12dB for 2um-thick 70MHz resonators [5], they
are still much less linear than their off-chip macroscopic
counterparts. The degree to which this impacts the utility of
the architectures proposed in Section |11 depends upon the
standard being implemented. For example, an 11P5 of +12dB
is sufficient for most receive applications, except for those in
standards that alow simultaneous transmit and receive (such
as CDMA), where the RF pre-select filter is required to reject
out-of-band transmitter outputs to aleviate cross-modulation
phenomena [12]. For such situations, at least at present, a
more linear filter must precede the filter bank of Fig. 10 if
cross-modulation is to be sufficiently suppressed. This addi-
tional filter, however, can now have a very wide bandwidth,
asit has no other purpose than to reject transmitter outputs.
Thus, it may be realizable with very little insertion loss using
on-chip (umachined) inductor and capacitor technologies[2].

Still, pmechanical circuits with high power handling capa-
bility would not only present a better solution to the above,
but might also enable the very aggressive transmit architec-
ture of Fig. 13. To this end, alternative geometries (e.g., no
longer flexural mode) and the use of alternative transduction
methods (e.g., piezoelectric, magnetostrictive) are presently
under study. Techniques for combining devices to increase
power capacity are also being explored.
C. Resonator Impedance

Thin-film bulk acoustic resonators can aready impedance
match to conventional antennas, so if their frequency, Q,
yield, size, and integration capacity are adequate for a given
architecture (e.g., the al-MEMS architectures of Section I11),
then they present avery good solution. If higher Q is needed,

however, then pmechanical resonators may be better suited
for the given application. From Table |1, RF umechanical fil-
ters should be able to match to 300Q impedances, provided
their electrode-to-resonator gaps can be made down to
d~80A. Since electrode-to-resonator gaps are achieved via a
process very similar to that used to achieve MOS gate oxides
[5], such gaps are not unreasonable. However, device linear-
ity generally degrades with decreasing d, so practical designs
must balance linearity with impedance requirements [5].

In cases where linearity issues constrain the minimum d to
a value larger than that needed for impedance matching
(assuming afixed Vp), several pmechanical filters with iden-
tical frequency characteristics may be used to divide down
the needed value of termination impedance. For example, ten
of the filtersin the fourth column of Table Il can be hooked
up in parallel to realize an Ry=2000/10=200Q. Note that the
use of numerous filtersin parallel also increases the power
handling threshold. For example, if a given micromechanical
filter were designed to handle 10 mW of power while retain-
ing adequate linearity, then ten of them will handle 100 mW.

Once again, the ability to use of numerous high-Q ele-
ments in complex micromechanical circuits without regard to
size greatly extends the applicable range of micromechanical
signal processors. Given a suitable massive-scale trimming
technique, the above parallel filter solution may work well
even in the transmit path, perhaps making plausible power
saving transmit architectures, such asthat of Fig. 13.

D. Fabrication Technologies

To date, surface pmachining technol ogies have been used
quite successfully to realize fully integrated circuit-MEM S
products in high volume, and in some cases, at LS| complex-
ities [19,20]. In addition, adaptive circuit-MEMS technolo-
gies are now emerging that separate the circuits and MEMS
processes into modules, allowing integration of virtually any
circuit process with a given MEMS technology. A variety of
modular integration approaches have recently been demon-
strated, including fully planar processes where the MEM S
module is done either before [21] or after (c.f., Fig. 15
[22,23]) the circuits module, as well as techniques based
upon wafer-level bonding [24,25] (perhaps the ultimate in
modularity). Meanwhile, on-chip vacuum encapsulation pro-
cesses (needed for high-Q and environmental protection) are
also receiving focused attention, with many approaches now
under study, including ones based upon bonding technologies
[26], and others based upon planar processing where three or
four additional masking steps are utilized to form sealable
caps over microstructures [27]. Finally, frequency trimming
methods are also a subject of ongoing research [28].

V1. Conclusions

Vibrating pmechanical resonators constitute the building
blocks for a new integrated mechanical circuit technology in
which high Q serves as a principal design parameter that
enables more complex circuits. By combining the strengths
of integrated pmechanical 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-Q pmechanical circuits,
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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, fur-
ther advancements in device frequency, linearity, and manu-
facturability are required. Research efforts are ongoing.
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