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ABSTRACT

Micromechanical (or “pumechanical) communication cir-
cuits fabricated via |C-compatible MEM S technol ogies and
capable of low-loss filtering, mixing, switching, and fre-
guency generation, are described with the intent to miniatur-
ize wireless transceivers. Possible MEM S-based receiver
front-end architectures are then presented that use these
micromechanical circuitsin large quantities to enhance
robustness and substantially reduce power consumption.
Among the more aggressive architectures proposed are one
based on a umechanical RF channel-selector and one featur-
ing an al-MEMS RF front-end.

1. INTRODUCTION

Recent demonstrations of micro-scale high-Q passive

components that utilize microelectromechanical systems
(MEMS) technology to allow on-chip integration alongside
transistor circuits have sparked a resurgence of research
interest in communication architectures that emphasize the
use of high-Q passive devices [1]-[4]. Among the most use-
ful of these are vibrating micromechanical (“pmechanical™)
resonator circuits with frequencies approaching 1 GHz and
Q’sin the tens of thousands [5]-[7]; tunable umechanical
capacitors with Q's up to 300 at 1 GHz [8][9]; umachined
inductors with Q’s up to 30 at 1 GHz [10]; and pumechanical
switches with insertion losses as low as 0.1dB [11]—all
achieved in orders of magnitude smaller size than macro-
scopic counterparts, and with little or no power consump-
tion. Although much of the interest in these “RF MEMS”
devices originally derived from their amenability to on-chip
integration, it is actually their potential for enhancing
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robustness and reducing power consumption in alternative
transceiver architectures that makes them so compelling.

2. MICROMECHANICAL RF DEVICES

Table | summarizes the RF MEMS devices most useful
for communications applications. Brief descriptions of each
of these devices now follow.

2.1. High-Q Vibrating Micromechanical
Resonators

Because mechanical resonances generally exhibit orders
of magnitude higher Q than their electrical counterparts,
vibrating mechanical resonators are essential componentsin
communication circuits. With appropriate scaling via
MEMS technology, such devices are expected to be able to
vibrate over a very wide frequency range, from 1 kHz to
>1 GHz, making them ideal for ultra stable oscillator and
low loss filter functions at common transceiver frequencies.

Thefirst three rows of Table | succinctly present the evo-
lution of vibrating pumechanical resonator geometries over
the past five years. As shown, clamped-clamped beam reso-
nators, which are essentially guitar strings scaled down to
pm dimensions to achieve VHF frequencies, can achieve
on-chip Q's ~8,000 for oscillator and filtering functionsin
the HF range. However, anchor losses in this specific struc-
ture begin to limit the achievable Q at higher VHF frequen-
cies, limiting the practical range of this structure to
<100 MHz when using pm-scale dimensions. To achieve
higher frequency while retaining Q’s in the thousands and
without the need for sub-pum dimensions [12] (which can
potentially degrade the power handling and frequency sta-
bility of these devices in present-day applications [13]),
more balanced structures that eliminate anchor losses can be
used, such as the free-free beam [6] or contour-mode disk
[7] resonators in rows 2 and 3 of Table|. These resonators
are expected to be able to operate at and beyond GHz fre-
guencies when properly scaled, all while retaining suffi-
ciently large dimensions to maintain adequate power
handling and to avoid “ scaling-induced” phenomena, such
as mass-loading or temperature fluctuation noise, that can
begin to degrade performance when dimensions become too
small [13].

Figure 1 [14], presents the SEM and measured frequency
spectrum for aradial contour mode micromechanical disk
resonator that attains a second-mode frequency of 733 MHz
with aQ of 7,330 in vacuum, and 6,100 in air (i.e., at atmo-
spheric pressure), while still retaining relatively large
dimensions. This device consists of a 20pm-diameter, 2um-
thick polysilicon disk suspended by a stem self-aligned to be
exactly at its center, all enclosed by polysilicon electrodes
spaced 800A from the disk perimeter. When vibrating in its
radial contour mode, the disk expands and contracts around
its perimeter in what effectively amounts to a high stiffness,
high energy, extensional-like mode. Since the center of the
disk corresponds to a node location for the radial contour
vibration mode shape, anchor losses through the supporting
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Fig. 1. SEM of a fabricated 733 MHz contour-mode disk
pmechanical resonator with ameasured frequency charac-
terigtic [14].

stem are greatly suppressed, allowing this design to retain a
very high Q even at this UHF frequency. In addition, the
high stiffness of its radial contour mode gives this resonator
amuch larger total (kinetic) energy during vibration than
exhibited by previous resonators, making it less susceptible
to energy losses arising from viscous gas damping, hence,
allowing it to retain Q's >6,000 even at atmospheric pres-
sure. This single resonator not only achieves a frequency
applicable to the RF front ends of many commercial wire-
less devices, it also removes the requirement for vacuum to
achieve high Q, which should greatly lower the cost of this
technol ogy.

Although stand-alone vibrating umechanical resonators
are themselves applicable to local oscillator synthesizer
applications in transceivers, their application range can be
greatly extended by using them in circuit networks. In par-
ticular, by interlinking mechanical elementsin specific net-
works, a variety of low-loss circuit functions are available,
from bandpass filters[5] to mixers[16] to gain devices[16].
Figure 2 presents the scanning electron micrograph (SEM)
and measured frequency characteristic for a7.81-MHz poly-
silicon surface-micromachined pmechanical filter that occu-
pies an area of only 40umx30um, and that shows only 1 dB
of insertion loss for a 0.22% bandwidth, all attained with
zero dc power consumption. Beyond itstiny size and superb
frequency shaping ability, the micromechanical filter of
Fig. 2 is aso on/off switchable via mere charging and dis-
charging of its conductive vibrating structure, making it an
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w Tunable bias/matching networks that can reduce
power consumption in power amplifiers should also
be feasible.

2.4. Micromechanical Switches

Micromechanical switches [11] have essentially
the same structure as the clamped-clamped beam res-
onators of row 1 in Tablel, but are operated in a
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MHz polysilicon pmechanica filter [5].
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binary fashion: when the beam is up, the switch is
open; when the beam is pulled down (e.g., by an
electrostatic force), the switch is closed. Again, due
to their metal construction made possible by MEM S
technology, pmechanical switches post much smaller
insertion losses than their FET-based counterparts

(0.1 dB versus 2 dB) and are many times more linear,
™ with11P3's>66 dBm. Although their switching times
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Fig. 3: System block diagram of a super-heterodyne receiver architecture
showing potential replacements via MEM S-based components. (On-

chip pmechanics are shaded.)

ideal candidate for use in switchable high-Q filter banks for
multi-band reconfigurable transceiver applications [1]-[3].

2.2. High-Q Tunable Capacitors

Tunable pmechanical capacitors, summarized in row 4 of
Tablel, consist of metal plates that can be electrostatically
moved with respect to one another, allowing voltage-control
of the capacitance between the two plates. Because metal
materials can be used in their construction, Q's as high as
300 can be attained [9]—much higher than attainable by
lossy semiconductor pn diodes offered by conventional IC
technology. Paired with medium-Q inductors, pmechanical
capacitors can enhance the performance of low noise
VCO's. Also, if inductors could also be achieved with Q’'s as
high as 300, tunable RF pre-select filters might be attainable
that could greatly simplify the implementation of multi-
band transceivers.

2.3. Medium-Q Micromachined Inductors

As mentioned above, tunable pmechanical capacitors
must be paired with inductors with Q >20 to be useful in
communication circuits. Unfortunately, due to excessive
series resistance and substrate losses, conventiond 1C tech-
nology can only provide spiral inductors with Q’s no higher
than 7. Using MEMS technologies to both thicken metal
turns (reducing series resistance) and suspend the inductor
turns away from the substrate (reducing substrate losses),
inductors with Q's as high as 30 at 1 GHz have been demon-
strated (c.f., row 5 of Table 1) [10]. Although not the Q ~300
needed for multi-band tunable RF filters, this Q ~30, when
paired with a pumechanical capacitor, should allow the
implementation of low noise VCO's with lower power con-
sumption than those using conventional 1C technology [15].

on the order of ps are much slower than that of FETS,
they are still adequate for antenna switching, switch-
able filter, and phased array antenna applications,
provided their high switching voltage levels can be
reduced or accommodated. If achievable, the above
applications are desirable for multi-band reconfig-
urability in handsets and for diversity against multi-
path fading. At present, the industry awaits improve-
ments in the reliability of pmechanical switches.

3. MEMS-BASED TRANSCEIVER
ARCHITECTURES

Perhaps the most direct way to harness RF MEMS
devicesis viadirect replacement of off-chip components, as
shown in Fig. 3. Due mostly to the higher Q attainable by
on-chip pmechanical vibrating resonators relative to off-
chip counterparts, analyses before and after replacement by
MEMS in a super-heterodyne architecture often show dra
matic improvements in receiver noise figure, e.g., from
8.8dB to 2.8 dB.

Although beneficial, the performance gains afforded by
mere direct replacement by MEMS are quite limited when
compared to more aggressive uses of MEMS technology. To
fully harness the advantages of pmechanical circuits, one
should take advantage of their micro-scale size and zero dc
power consumption, and use them in massive quantities to
enhance robustness and trade Q for power consumption.
Figure 4 presents the system-level block diagram for a pos-
sible transceiver front-end architecture that takes full advan-
tage of the complexity achievable via umechanical circuits
[1][2]. The main driving force behind this architecture is
power reduction, attained in several of the blocks by replac-
ing active components by low-loss passive pumechanical
ones, and by trading power for high selectivity (i.e., high-
Q). Among the key performance enhancing features are: (1)
an RF channel selector comprised of a bank of switchable
pmechanical filters, offering multi-band reconfigurability,
receive power savings via relaxed dynamic range require-
ments [3], and transmit power savings by alowing the use
of a more efficient power amplifier; (2) use of a passive



pmechanical mixer-filter to replace the
active mixer normally used, with obvious
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power savings; (3) a VCO referenced to a
switchable bank of pmechanical resonators,
capable of operating without the need for
locking to a lower frequency reference,
hence, with orders of magnitude lower
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Up-Conversion

Antennal UMech.

enhance its efficiency. Amnaz Switch

Although already quite aggressive, the ol 3=
architecture of Fig. 4 may still not represent uvech, —¥
the best power savings afforded by MEMS.  Image-Reject
In fact, even more power savings than in AL —
Fig. 4 are possible if the high-Q pmechani- HMSéE?'Ses.
cal circuitsin the signa path can post such Oscillator

low losses that the RF LNA (normally
required to boost the received signal against
losses and noise from subsequent stages)
may in fact no longer be needed. Rather, the
RF LNA can be removed, and the needed gain to baseband
provided instead by an IF LNA that consumes much less
power since it operates at the much lower IF frequency.
Without the RF LNA or transistor mixer, the receiver front-
end architecture reduces to an al-MEM S topology, such as
shownin Fig. 5. Here, since the absence of RF transistor cir-
cuits removes dynamic range concerns, the channel-sel ect-
ing filter bank of Fig. 4 has been converted to a mixer-filter
bank and moved down to the IF frequency, where it might
be easier to implement, and where it allows the use of asin-
gle-frequency RF local oscillator (LO) to down-convert
from RF to IF. Since the RF LO is now a single frequency
oscillator, power hungry phase-locking and pre-scaling elec-
tronics are not needed, allowing similar power advantages
as for the VCO in the architecture of Fig. 4. In fact, the
architecture of Fig. 5 attains al the power advantages of that
of Fig. 4, plus additional power savings due to the lack of an
LNA. It, however, does so at the cost of a slightly higher
overall noise figure and decreased robustness against hostile
(i.e., jamming) interferers versus Fig. 4.

4. CONCLUSIONS

Micromechanical circuits attained via MEMS technolo-
gies have been described that can potentially play akey role
in removing the board-level packaging requirements that
currently constrain the size of communication transceivers.
In addition, by combining the strengths of integrated pme-
chanical and transistor circuits, using both in massive quan-
tities, previously unachievable functions become possible
that may soon enable alternative transceiver architectures
with substantial performance gains, especially from a power
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Fig. 5: System block diagram for an al-MEMS receiver front-end, employing an
RF image-reject filter, a fixed pmechanica resonator loca oscillator, and a
switchable array of |F pmechanical mixer-filters.

perspective. To reap the benefits of these new architectures,
however, further advancements in device frequency, linear-
ity, and manufacturability are required [1]. Research efforts
are ongoing.
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