Micromachined Devices for Wireless
Communications

CLARK T.-C. NGUYEN, MEMBER, IEEE, LINDA P. B. KATEHI, FELLOW, IEEE,
AND GABRIEL M. REBEIZ, FELLOW, IEEE

Invited Paper

An overview of recent progress in the research and develop- variable capacitors are used to properly tune and couple
ment of micromachined devices for use in wireless communicationthe front-end sense and power amplifiers. At present, the
subsystems is presented. Among the specific devices described argeorementioned resonators and discrete elements are off-
tunable micromachined capacitors, integrated highinductors, . . L
micromachined low-loss microwave and millimeter-wave filters, ChiP components and so must interface with integrated
low-loss micromechanical switches, microscale vibrating mechan- electronics at the board level, often consuming a sizable
ical resonators with)'s in the tens of thousands, and miniature portion of the total subsystem area. In this respect, these
antennas for millimeter-wave applications. Specific applications qevices pose an important bottleneck against the ultimate
are reviewed for each of these components with emphasis on_ . . o . . .

miniaturization and portability of wireless transceivers. For

methods for miniaturization and performance enhancement of ' "
existing and future wireless transceivers. this reason, many research efforts have been focused upon

Keywords—Acoustic resonators, antennas, filters, highAF, strategies for either miniaturizing these components [1]-[5]

MEMS, micromachining, oscillators, phase noise, resonators, RF, Or eliminating the need for them altogether [6]-[8].
switches, synthesizers, thin-film inductors, transceivers, tunable, The rapid growth of integrated circuit (IC)-compatible

wireless. micromachining technologies that yield microscale, high-
(2 tank components may now bring the first of the above
I. INTRODUCTION strategies closer to reality. Specifically, the highRF and

Vibrating mechanical tank components, such as crystal IF filters, oscillators, and couplers, currently implemented
and surface-acoustic wave (SAW) resonators, are widely Via off-chip resonators and discrete passives, may now po-
used for frequency selection in communication subsys- tentially be realized on the microscale using micromachined
tems because of their high quality fact@’$ in the tens equivalents based on a variety of novel devices, including
of thousands) and exceptional stability against thermal high<? on-chip mechanical resonators [9]-[11], voltage-
variations and aging. In particular, the majority of hetero- tunable on-chip capacitors [12], isolated low-loss inductors
dyning communication transceivers rely heavily upon the [13]-[16], [34], microwave/millimeter-wave higty filters
high Q@ of SAW and bulk-acoustic mechanical resonators [35]-[40], structures for high-frequency isolation pack-
to achieve adequate frequency selection in their radio- aging [43], [44], and low-loss micromechanical switches
frequency (RF) and intermediate-frequency (IF) filtering [45]-[50]. Once these miniaturized filters and oscillators
stages and to realize the required low phase noise andbecome available, the fundamental bases upon which com-
stability in their local oscillators. Ceramic (dielectric) res- munications systems are developed may also evolve, giving
onators or waveguide components are also required at RFise to new system architectures with possible power- and
or microwave/millimeter-wave frequencies to provide the bandwidth-efficiency advantages. For systems operating
needed high® functions. In addition, discrete inductors and past X-band, antennas can also be micromachined with

potential cost savings and with additional capabilities at-
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Fig. 1. System-level schematic detailing the front-end design for a typical wireless transceiver.
The off-chip, high¢), passive components targeted for replacement via micromechanical versions
(suggestions in lighter ink) are indicated by shading in the figure.

benefit from micromechanical implementation. Several spe- transistor-based components but by the numerous passive
cific devices will then be described, with particular empha- components indicated in Fig. 1. The presence of so many
sis on frequency-selective microelectromechanical systemsfrequency-selective passive components is easily justified
(MEMS) for high<? oscillators and filters. This paper when considering that communications systems designed
concludes by considering the impact that the discussedto service large numbers of users require numerous com-
devices may have on future transceiver architectures. munication channels, which in many implementations (e.g.,
time division multiple access) must have small bandwidths
and must be separable by transceiver devices used by the
system. The requirement for small channel bandwidths
To illustrate more concretely the specific transceiver results in a requirement for extremely selective filtering
functions that benefit from micromechanical implemen- devices for channel selection and extremely stable (noise-
tation, Fig. 1 presents the system-level schematic for a free) local oscillators for frequency translation. For the vast
typical superheterodyne wireless transceiver. As implied majority of cellular and cordless standards, the required
in the figure, several of the constituent components can selectivity and stability can only be achieved using high-
already be miniaturized using integrated circuit transis- (2 components, such as discrete inductors, discrete tunable
tor technologies. These include the low noise amplifiers capacitors (i.e., varactors), and SAW and quartz crystal
(LNA's) in the receive path, the solid-state power amplifier resonators, all of which interface with IC components at the
(SSPA) in the transmit path, synthesizer phase-locked loopboard level. The needed performance cannot be achieved
(PLL) electronics, mixers, and lower frequency digital using conventional IC technologies because such technolo-
circuits for baseband signal demodulation. Due to noise, gies lack the require@. It is for this reason that virtually all
power, and frequency considerations, the SSPA (and some-commercially available cellular or cordless phones contain
times the LNA’s) are often implemented using compound numerous passive, SAW, and crystal components.
semiconductor technologies (i.e., GaAs). Thus, they often
occupy their own chips, separate from the other men- ) ) )
tioned transistor-based components, which are normallyA- The Need for High) in Oscillators
realized using silicon-based bipolar and complementary For any communications application, the stability of the
metal-oxide—semiconductor (CMOS) technologies. How- oscillator signals used for frequency translation, synchro-
ever, given the rate of improvement of silicon technologies nization, or sampling is of utmost importance. Oscillator
(silicon-germanium included [17]), it is not implausible that frequencies must be stable against variations in temperature,
all of the above functions could be integrated onto a single against aging, and against any phenomena, such as noise
chip in the foreseeable future. or microphonics, that cause instantaneous fluctuations in
Unfortunately, placing all of the above functions onto phase and frequency. The single most important parameter
a single chip does very little to decrease the overall su- that dictates oscillator stability is th@ of the frequency-
perheterodyne transceiver size, which is dominated not by setting tank (or of the effective tank for the case of ring

Il.  MINIATURIZATION OF TRANSCEIVERS
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Fig. 2. (a) A simple series resonant oscillator schematic. (b) Bode plot for a&}dank, indicating
the Af for a givenA#. (c) Similar to (b) but for a high@ tank.

oscillators). For a given application, and assuming a finite incurs a much smaller frequency deviation on the tank with
power budget, adequate long- and short-term stability of the higherQ. Thus, the higher the tang, the more stable
the oscillation frequency is insured only when the tapk  the oscillator against phase-shifting phenomena.
exceeds a certain threshold value. To help quantify the above heuristic concepts, one impor-
The correlation between tan@ and oscillator stability ~ tant figure of merit for oscillators is the phase-noise power
can be illustrated heuristically by considering the sim- Presentat frequencies close to the carrier frequency. Typical
ple oscillator circuit depicted in Fig. 2(a). Here, a series Phase-noise requirements range frerft00 dBc/Hz at 10
resonant oscillator is shown, comprised of a sustaining kHz deviation from a 1.8 GHz carrier in European Global
amplifier and an inductor-capacitor (LC) tank connected in System for Mobile Telecommunications (GSM) cellular

a positive feedback loop. For proper startup and steady-statg’nones t0-150 dBc/Hz at 67 kHz carrier deviations in X-
operation, the total phase shift around the loop must sum Pand, Doppler-based radar systems [19]. Through a more

to zero. Thus, if at the oscillation frequency the amplifier 1190rous analysis of Fig. 1 (assuming linear operation), the
operates nominally with a°Ophase shift from its input phase noise of a given oscillator can be described by the

to its output, then the tank must also have % fhase expression [18] )
shift across its terminals. Given this, and referring to any Nop _FET 1 () dBoHA (1)
one of the tank response spectra shown in Fig. 2(b) or CJ; O 8Q2 \ f

(c), this oscillator is seen to operate nominally at the tank | nare (N,,/C);.. is the phase-noise power density-to-

resonance frequency. If, however, an external stimulus (e.9.,c5/rier power ratio at a frequency,, offset from the

a noise spike or a temperature fluctuation) generates a phasgarrier frequency#” is the noise figure of the active device
shift —Af across the terminals of the sustaining amplifier, eyaluated using the total oscillator powét, C is the

the tank must respond with an equal and opposite phasecarrier power delivered to the load, arfd is the carrier
shift A¢ for sustained oscillation. As dictated by the tank frequency. From (1), phase noise is seen to be inversely
transfer functions of Fig. 2, any tank phase shift must proportional to the square @ and directly proportional

be accompanied by a corresponding operating frequencyto the amplifier noise figuré’. Given thatF can often
shift Af. The magnitude of\ f for a givenA# is largely be reduced by increasing the operating poderof the
dependent on thé) of the resonator tank. Comparison of sustaining amplifier, (1) then can be interpreted as implying
Fig. 2(b) with (c) clearly shows that a given phase shift that power and? can be traded to achieve a given phase-
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Fig. 3. Simulated frequency characteristics for a 0.3% bandwidth, 70 MHz bandpass filter under
varying tank @’s.

noise specification. Given the need for low power in bandwidths and can thus be implemented using resonators
portable units, and given that the synthesizer [containing with @'s on the order of 500-1000.
the reference and voltage-controlled oscillators (VCO's)]
is often a dominant contributor to total transceiver power Ill. M ICROMECHANICAL COMPONENTS
consumption, modern transceivers could benefit greatly FOR TRANSCEIVERS
from technologies that yield hig} tank components. As shown in Fig. 1, the front end of a superheterodyne
wireless transceiver typically contains a good number of
B. The Need for High? in Filters off-chip, high<2 components that are potentially replace-
Tank @ also greatly influences the ability to implement able by micromachined versions. Among the components
extremely selective IF and RF filters with small percent targeted for replacement in cellular and cordless applica-
bandwidth, small shape factor, and low insertion loss. tions are RF filters, including image rejection filters, with
To illustrate, Fig. 3 presents simulated frequency char- center frequencies ranging from 800 MHz to 2.5 GHz;
acteristics under Varying resonator ta@{s for a 0.3% IF filters, with center frequencies ranging from 455 kHz
bandwidth bandpass filter centered at 70 MHz, realized t0 254 MHz; high€), tunable, low phase-noise oscillators,
using the typical LC resonator ladder configuration shown With frequency requirements in the 10 MHz-2.5 GHz range;
in the insert. As shown, for a resonator tafkof 10 000, and switches for transmit/receive selection, antenna selec-
very little insertion loss is observed. However, as tank tion, and multiband configurability. For higher frequency
Q) decreases, insertion loss increases very quickly, to theapplications (e.g., past X-band), antenna size requirements
point where a tank of 1000 leads to 20 dB of insertion ~ shrink, so the antenna itself can be manufactured us-
loss—too much even for IF filters and quite unacceptable ing micromachining techniques. The size of transmission-
for RF filters. As with oscillators, higki tanks are required  line filters also shrinks at these frequencies, making them
for RF and IF filters alike, although more so for the latter, amenable to implementation via micromachining as well.
since channel selection is done predominantly at the IF in  The following subsections now describe specific micro-
superheterodyne receivers. In general, the more selectiveelectromechanical components capable of both miniaturiz-
the filter, the higher the resonat@} required to achieve iNg a_nd improving the performance of the aforementioned
a given level of insertion loss. In particular, the above functions.
0.3% bandwidth filter example applies for IF filters, which,
because of their high selectivity, are best implemented A- Voltage-Tunable Higli? Capacitors
with resonatoi)’s exceeding 5000; RF preselect or image-  One application presently under intense examination for
reject filters, on the other hand, typically require only 3% possible miniaturization is that of the VCO used in the syn-
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thesizer that generates the local oscillator signal. Currently,

such VCO'’s are implemented using off-chip inductors (with Anchor Al Top

@'s of at least 30) combined with off-chip voltage-tunable Plate

varactor diode capacitors (witp’'s of at least 40). These

relatively low @ values are justified for this VCO because /

in the synthesizer, this oscillator ends up slaved to a much

more stable reference crystal oscillator, which cleans up

the VCO'’s phase-noise spectrum at snmjalls through the b

action of a PLL. As such, the phase-noise specifications for

this VCO are the easiest to satisfy in a given transceiver [

system, with numbers like-100 dBc/Hz at 10 kHz offset

from the carrier (for European GSM) being typical.
Even with this seemingly easy goal, however, attempts / [

at miniaturization based on conventional IC technologies Al Layer Under Suspension

fall well short of this mark. In particular, CMOS ring

or relaxation oscillators attain only-60 dBc/Hz at 10

(@)
kHz offset [20]—not nearly adequate for GSM purposes. L
Furthermore, even slightly modified silicon CMOS and Al !
bipolar processes that include on-chip spiral inductors [21], Plate
or even bond wire inductors [22], yield LC VCO's with Vf“"f\ \‘ f"’ie /
+
; i I Y | | i)
a IR

Al Suspension

inadequate phase-noise performanee-85 dBc/Hz). A
large part of the problem arises from the tunable capacitor

implementation. Specifically, on-chip diodes used in place } 4 um - \:

of previous off-chip varactor diodes exhibit excessive series Oxide Al
resistance—much more than their off-chip varact_or coun- : T Al Ground Plane ’
terparts—and as a result, thé)'s are severely lacking. In -

addition, the tuning range of such capacitors over available (b)

supply voltages is often limited to the point where trimming Fig. 4. (a) Overhead and (b) cross-sectional schematics of a
is required to set a starting capacitor value [23]_ voltage-tunable micromechanical capacitor [12].

Recent demonstrations of voltage-tunable capacitors

composed of micromachined, movable, metal plates nowto enhance coupling in inductive coils and 2) removal
offer substantial improvements over on-chip diode-based of lossy substrates by fabricating inductors on suspended
capacitors. Fig. 4 presents the schematic of one suchmembranes, achieved via familiar back-side etching tech-
voltage-tunable micromachined capacitor [12], consisting niques. Fig. 5 presents two very recent applications of these
of an aluminum top capacitor plate suspended by soft methods. The inductor in Fig. 5(a) utilizes an NiFe core
flexures above a bottom plate, in which the distance (and under a planar metal spiral to increase the achievable flux
thus capacitance) between the plates is electrostaticallyand attain 2.7:H of inductance (fof¥,,;,q = 50 pm and
varied by action of the underlying electrode. The prototype 5, ., = 10 zm, and ten turns in an area of2 10 mn¥)
capacitor of Fig. 4 exhibited a tuning range of about 16% with a  of 6.6 at 4 MHz [13]. This configuration was

over a 5.5 V range of applied bias, with capacitance values found to give the highes® relative to three other topologies
on the order of 2.2 pF (achieved with four of these devices combining metal coils with magnetic cores.

wired in parallel, each withl,, = 200 pm andd = 1.5 Fig. 5(b) presents the schematic of a miniature spiral

pm, nominally) and & of 62 at 1 GHz—all on par with  inductor fabricated on a substrate-isolating platform (or

off-chip varactor diodes [12]. membrane) and achieving an overall inductance of 115 nH
) ) with a @ of 22 at 275 MHz. Microwave/millimeter-wave

B. Micromachined Inductors inductors fabricated using similar techniques have achieved

Obviously, implementation of a miniature tunable ca- inductances on the order of 1.2 nH with associated self-
pacitor solves only part of the problem. To achieve res- resonance frequencies of 70 GHz with substrate removal,
onator tanks with adequatg (at least for VCO's), high- and 22 GHz without substrate removal, with expedigsd
@ inductors are required as well. As mentioned above, of 60-80 at 40 GHz. These inductors and others like them
numerous attempts to implement spiral inductors using have achieved some of the highé&gtvalues for on-chip
conventional IC technologies have so far yielded inductors inductors at their respective frequencies.
with insufficient@ [1]-[3]. Even those using bond wires as Despite the above promising results, the inductors of
inductors fall short o for many applications [22]. Fig. 5 are stillinadequate for some applications within com-

For the above reasons, research aimed at improving on-munication systems. In particular, as implied above, both
chip inductor performance via more exotic micromachining designs, even the one with substrate removed, suffer from
technologies is currently under way. Among the strategies parasitic self-resonance problems that limit their frequency
utilized for this purpose are 1) the use of magnetic cores range. Self-resonance is generally not a problem when small
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() (@) A membrane supported FBAR resonator [4]. (b) A solidly
Fig. 5. Advanced integrated inductors utilizing micromachining mounted resonator [11].

processes. (a) Spiral inductor over an NiFe core. (b) Spiral inductor
over an isolating platform [13], [14].

ductors in a similar fashion to quartz crystals, all suspended
on a thin membrane, and so acoustically isolated from
the substrate. Such resonators constructed using aluminum
nitride piezoelectric films have been demonstrated Wjith

'of over 1000 and resonance frequencies of 1.5-7.5 GHz [4],
[5] in sizes of less than 406 400 xm?2. Although very
promising, the device of Fig. 6(a) awaits improvements in
process and trimming technologies. In addition, problems
with the structural integrity of the supporting membrane
C. Thin-Film Bulk Acoustic Resonators have been reported [11].

Assuming thatQ’s on the order of 40 can be achieved, One promising solution to the above drawbacks dispenses
the above tunable capacitors and on-chip inductors canwith the fragile membrane support and allows construction
potentially find use as resonator tanks for VCO'’s and low- of the thin-film resonator directly over a solid substrate,
@ RF filters, as well as elements for tunable couplers. as shown in Fig. 6(b). In this scheme, energy loss to
However, given the present struggle to attain just thesethe substrate (which would greatly attenuate e is
@'s, and with questions of susceptibility to microphonics avoided by acoustically isolating the substrate from the
and Brownian motion noise unanswered, it is unlikely that piezoelectric resonator materials using impedance transfor-
such elements could be utilized to replace the vibrating mations obtained through strategic selection of the number
mechanical resonators (e.g., quartz crystals) used in theand thickness of layers separating the two media [11].
more demanding reference oscillator and channel-selectAlthough the implementation of such a solidly mounted
filter functions. For these functions, as discussed in the resonator (SMR) requires more careful deposition of layers,
context of Figs. 2 and 3, much high@ts (in the thousands) it promises to greatly improve the resiliency of thin-film
are required. bulk-acoustic resonators.

With the knowledge that suc®’s are already attainable As with other novel technologies discussed here, thin-film
using macroscopic vibrating mechanical tanks (e.g., quartz bulk-acoustic resonators, with all of their advantages, still
crystals, SAW’s), much initial research had focused on have several important drawbacks that presently hinder their
developing exotic thin-film technologies to yield minia- use. First, a convenient and effective means for trimming
ture versions of vibrating mechanical resonators operatingand tuning these resonators is not yet available. Such
under principles similar to their macroscopic counterparts. a trimming technology is vitally important, especially if
Fig. 6(a) presents the schematic of one such thin-film bulk- groups of these resonators are to be used to implement
acoustic mode, piezoelectric resonator (FBAR), composedsmall percent bandwidth filters with small shape factors.
of deposited piezoelectric films sandwiched between con- Second, these filters are presently most appropriate for the

inductance values are needed (eg10 nH) but can be
significant when requirements exceed 20 nH. Second, for
the case of Fig. 5(a) and for others based upon its design
the magnetic core only reacts up to a certain frequency
range, beyond which its permeability drops to an ineffective
value [16]. Research to solve these problems is ongoing.
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high UHF- and S-band frequency ranges, becoming overly
thick and cumbersome at lower frequencies.

D. Micromechanical Resonators and Filters

For lower frequency applications, planar IC-compatible
micromachining processes have now realized flexural-mode
micromechanical resonators in a variety of structural mate-
rials, and (so far) in a range of frequencies from low fre-
quency (LF) to very high frequency (VHF)'s exceeding
80 000 in vacuum have been measured for LF flexural-mode
resonators constructed in surface-micromachined polysil-
icon [24], while @’s on the order of 20000 have been
achieved at 70 MHz (VHF) in single-crystal silicon material

[25]. Since the use of this technology for high-frequency (b)

applications is quite recent, its ultimate frequency limit is
as yet unknown. Operating frequencies into the gigahertz
range, however, are not unreasonable [9], [10].

In addition to their enormous) values and wide ap-
plicable frequency range, micromechanical resonators are
extremely flexible from a design perspective, having several
features that greatly simplify the design and implementation
of complex resonator systems. Among their most attractive
features are:

1) an inherent voltage-controlled frequency tunability
[26] and switchability [10];

an amenability to trimming [27];

wide flexibility in available geometries (leading to a
seemingly limitless range of possible designs);
flexibility in the choice of structural materials used,;
flexibility in the type of transduction used (electro-
static, piezoelectric, and magnetostrictive have all
been utilized in the past).

2)
3)

4)
5)

On top of all of this, successful construction of devices
using such resonators is relatively straightforward, since
critical features are usually defined by a single masking
step, which itself is part of a planar process largely com-
patible with conventional IC processes.

The above features, in particular those associated with
tuning and design flexibility, have greatly accelerated the
rate at which more complex oscillator and filtering appli-
cations of the technology have been realized. Specifically,
micromechanical filters comprised of multiple resonators
coupled by soft mechanical springs have recently been im-
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Fig. 7. (a) Perspective-view schematic of an HF micromechanical
filter in a typical bias and excitation configuration. (b) Equivalent
mechanical circuit for the filter of (a) using quarter-wavelength
coupling. (c) Equivalent electrical circuit for the filter of (a), again

with quarter-wavelength coupling.

the passband of the filter. The center frequency of the filter

fo is determined primarily by the resonance frequency of

the identical resonators, while its bandwidth is dictated by

the relative stiffnesses of the coupling beam and resonators
and is given specifically by the expression

o= (5) (3

kij ) \k»

where k;; is the stiffness of the coupling beam joining
resonators andj, k, is the resonator stiffness, arg; is

a normalized coupling coefficient found in filter cookbooks
[28]. By using electromechanical analogies, equivalent elec-
trical circuits resembling LC ladders can be derived for
micromechanical filters, as illustrated in Fig. 7(b) and (c).
Such circuit modeling strategies make micromechanical

()

plemented with performance attributes comparable to somefilters amenable to computer-aided design, synthesis, and

of the best high® filters available. Fig. 7(a) presents the

verification and allow the use of the already enormous

perspective-view schematic for an HF-range, two-resonator existing knowledge on LC ladder filter synthesis for mi-

filter, composed of two identical clamped-clamped beam
micromechanical resonators coupled by a flexural-mode

cromechanical filter design.
To date, two-resonator micromechanical bandpass filters

coupling beam. As shown, resonance motion perpendicular(Fig. 8) have been demonstrated with frequencies up to
to the substrate is excited and sensed electrostatically usingl4.5 MHz, percent bandwidths on the order of 0.2%, and

a combination of dc-biad’s and ac voltages; applied

insertion losses less than 1 dB [29]. Higher order, three-

between the conductive resonators and electrodes underresonator filters with frequencies near 455 kHz have also

lying each resonator. In this device, the coupling beams
couple energy between resonators, creating a coupled two
resonator system with two modes of vibration that define

1762

been achieved (Fig. 9), with equally impressive insertion
Josses for 0.09% bandwidths and with more than 64 dB of
passband rejection [30], [31]. The filter of Fig. 9 features
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Fig. 10. SEM of a 16.5 kHz CMOS microresonator oscillator
Fig. 8. SEM of a two-resonator, surface-micromachined, HF with schematics explicitly depicting circuit topology. The microres-
micromechanical filter with a measured frequency characteristic onator occupies 42 230 um? [32].

[29].

noise [33]. Thus, much work is still needed to attain optimal
performance of micromechanical resonator oscillators. Re-
search is also currently under way to extend the frequency
of this oscillator to the popular 10 MHz frequency of
reference oscillators used in many transceivers, and to do so
in a fashion that reduces the overall temperature coefficient
of the oscillator.

: Again, as with the other technologies, micromechanical
¥ \ 1 resonator devices are not without their drawbacks. Among
Anchor i | the more disturbing of them are the need for vacuum to
g attain high@, an unaided temperature coefficient 10
ppmFPC [10] (not as good as quartz), and uncertainties
concerning ultimate dynamic range and power-handling
capability [10]. Research on micromechanical resonators

Llak Comb-Transducer

F and their applications is ongoing.
i ﬂf:fn'::;ﬂ E. Micromachined Filters for K-Band and Higher
4n F For transceivers operating at K-band and higher, preselect
<5 or image-reject filters with bandwidths of 1-8% are imple-
B 1 s ] mented using microwave and millimeter-wave components.
17 F4 339 M0 M0 322 343 Low loss is essential for such front-end filters, since they
sl are placed just after the antenna, before any amplification,
Fig. 9. SEM's of a surface-micromachined, medium-frequency, and thus, their loss adds directly to the noise figure of

three-resonator micromechanical filter with a measured transmis-

sion spectrum [31], the receiver and reduces the effective radiated power from

the transmitter. Again, higly} resonators are required to

minimize this loss, and again, this can only be achieved
balanced comb-transduction for feedthrough suppression,using external elements such as dielectric resonators or
low velocity coupling, and frequency tuning electrodes, waveguide components, which increase the size and cost
adeptly illustrating the complexity and flexibility achievable of the receiver.
using this technology. To address this problem, filter implementation using

In addition to filters, LF highg) oscillators, fully inte-  monolithic transmission-line (T-line) resonator approaches

grated with sustaining CMOS electronics, have also already has been investigated. The main problem with using T-
been demonstrated in this technology. Fig. 10 presents theline resonators on Si or GaAs involves the underlying high
overhead-view scanning electron microscope (SEM) of a dielectric constant substrate (with = 12-13). It is well
16.5 kHz prototype of such an oscillator [32]. Recent known that T-lines integrated on these substrates suffer
studies of similar fully integrated oscillators have shown from radiation loss into the dielectric and increased ohmic
phase-noise performance expected of higlscillator op- loss due to their small dimensions. This has limited the
eration, but they also show additional sources of phase noise(} of planar resonators on Si/GaAs to 40-60 at 30-60
related to nonlinear amplitude perturbations caused lfy 1/ GHz, which is not acceptable for low-loss filters. An
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intermediate solution is to integrate the planar filters on Upper Cavity High Resisivily = s
teflon or quartz substrates with. = 2.2—4, This results il Ceircuit Water
in a resonator) of 200-300 at 30-60 GHz, but is not j" ' .
compatible with Si/GaAs integrated circuits and therefore
requires transitions between millimeter-wave active circuits
and the external filters. ’!‘/‘
One way to dramatically increase th@ of a planar
resonator on Si/GaAs is to integrate the resonator on a ) ! -t Y
thin dielectric membrane (1-1/6m thick) and to enclose | 1 . . l.h:.l-ngg‘lrp L ——— v
the resonator in a microshielded cavity 100-50@ high Viafar o Masbrare  STC0VeS B m
[34]-[40]. The fabrication sequence required for such a
resonator utilizes standard micromachining processes and i
includes 1) the deposition of a silicon nitride membrane; 2)
back etching of the wafer; 3) etching and filling of via-holes RIS ]
with gold; and 4) attachment of several wafers together to | = ¢ v - B 4.1 mm
form a miniature stack. The T-line resonators are effectively :
suspended in free space and are therefore limited only by
ohmic loss. Furthermore, the resonators are wider than their
counterparts on Si/GaAs (so as to obtain the same filter
impedance), which considerably reduces their ohmic loss.
Recently measured)’'s of quarter-wavelength resonators
(W = 700 ppm, h = 200 pm) at 60 GHz are around 600,
which is ten times better than comparable resonators onFig. 11. A 60 GHz, 8% bandwidth, four-pole micromachined
Si/GaASs and only e o four imes worse than waveguide £/515 1% 11 & esonalor widh of Sobm and & esneter
resonators [36]. to the calibration planes.
Micromachined T-lines on thin dielectric membranes
have been used extensively in filter designs from 14 to i i .
250 GHz [34]-[39]. The filters follow standard designs eventuglly to allow the_ integration of the m|II|rr_1eter-wave
(elliptic, Chebyshev, etc.), use well-known transmission- transmlttgrs and.recelvefrs on the same chip. Research
line types (coplanar waveguide lines, stripline, suspended©Ward this goal is ongoing.
microstrip lines, etc.), and result in excellent performance.
A lot of attention has been placed on the transition between F. Micromechanical Switches
the Si/GaAs substrate and the membrane T-lines, and a In addition to the filter and oscillator research described
transition with better than-20 dB return loss is attainable above, a good amount of research effort has focused on the
up to 60 GHz [35], [36]. Recent results obtained for a four- implementation of micromechanical switches for antenna or
pole elliptic filter at 60 GHz show an insertion loss of only filter-path selection in multiband communications systems,
1.5 dB and a rejection better tharmd0 dB (Fig. 11) [36]. and for deployment of phased-array antennas in higher
This filter is state of the art and is only 0.5-0.7 dB more frequency systems operating past Ka-band (where antennas
lossy than its waveguide implementation (but with a 000 become small enough for arrays). Such switches are often
size reduction). characterized by metrics describing switching speed and
Another application of micromachining is the fabrication off/on impedance. So far, the majority of switches for
of three-dimensional cavities to synthesize miniature wave- communications have operated via electrostatic actuation.
guide components at 10-60 GHz. In this case, a reduced Fig. 12 presents the cross-sectional schematic of a typical
height resonant waveguide cavity (with dimensions\(- single-pole, single-throw micromechanical switch. Such
square) is etched in a silicon wafer and fed either by a slot switches are now developed by several U.S. industries
transition or by bond wires. Since the fields are not confined [45]-[50]. As shown, the switch of Fig. 12 utilizes an air-
to planar resonators, these structures have yielgéd bridge design, in which a bridge of conducting material is
around 500 at 10 GHz, and up to 1100 at 30 GHz [41], [42]. suspended 3—4m over a coplanar line. The top and bottom
Research is under way to use these miniature waveguideplates of this switch are constructed of evaporated or plated
cavities in satellite filters and low-phase noise oscillators. aluminum or gold. For the case of microwave/millimeter-
One final advantage of micromachined lines is the mi- wave switches, actual metal-to-metal contact is not neces-
cropackaging aspect of this technique. As seen in Fig. 11, sary; rather, a step change in plate-to-plate capacitance also
the filter (or any component inside the microcavity) is realizes switching. Thus, in high-frequency applications, a
completely shielded and therefore will not couple any RF protective nitride film (on the order of 100°Q often resides
energy to the outside world. The typical measured isolation above the bottom electrode plate to prevent sticking when
between adjacent transmission lines-i50 dB at 30 GHz, plates are pulled together. The dimensions of the top plate
and —45 dB between closely spaced filter banks at 10 GHz are around 300-40@m-square for a 10-20 GHz switch,
[43], [44]. Such micropackaging techniques are expected and 200;m for 60 GHz designs.

!-i—-—wﬁ?mrn—h-l
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Plated Metal combining, etc.) because of their very low insertion
via ~ Membrane Dielectric Layer loss (which eliminates the need for loss-recovering
Switch Up power amplifiers) and near-zero dc power consumption
(which allows substantial power savings). Research on
micromechanical switches continues, and new versions
with all of the above advantages, but with much smaller
actuation voltage requirements and much faster response

times, are presently under investigation [50].
Input \ E‘ Switch Down Output

it
®) G. Micromachined Antennas and Synthesized Substrates

. . . . . . Micromachining technologies first found use for antennas
Fig. 12. Cross-sectional schematics of a typical micromechanical . . .
switch. (a) Switch up. (b) Switch down [45]. at millimeter-wave and terahertz frequencies to alleviate
loss and size constraints at such high frequencies. In
particular, antennas on Si/GaAs and even quartz dielectrics
are inefficient radiators at millimeter-wave and terahertz
frequencies due to the electrical thickness of the underlying
substrate. Micromachining has therefore been used to sus-
pend dipole or slot radiators on thin dielectric membranes
(without the shielding cavities described in previous filters),
with the planar antennas then effectively radiating in free
space. Anisotropic etching has also been used to integrate
silicon pyramidal cavities that act as miniature integrated
horns around the dipole antennas, directing the radiated
energy very efficiently in the forward direction [51], [52].

For microwave frequencies, membrane technology with
e, ~ 1 results in physically large antennas and thus is
not practical. Therefore, at these frequencies, membrane
approaches are avoided, and micromachining is instead
used to synthesize artificial dielectric-constant substrate
materials underneath the antennas. In particular, by etching
a portion of the dielectric or by strategically choosing
the density of via-holes underneath an antenna, a di-
electric constant between one (complete removal) gnd
(no removal) can be synthesized [Fig. 13(a)]. Using such
techniques, the efficiency of microstrip antennas at 12-13
GHz has been increased from 55%. (= 10) to 85%
(esynth = 2.3) [53], [54]. Similar techniques have also
been applied at 77 GHz for automotive radar applications
[55]. Furthermore, the dielectric constant around a planar
antenna can be artificially tailored so as to further increase
radiation efficiency and bandwidth.

Last, micromachining techniques have been used to syn-
thesize photonic bandgap materials on high-resistivity sili-
con substrates at 30 GHz by etching a periodic pattern of

Micromechanical switches have been fabricated in both
series and shunt (to ground) configurations. The insertion
loss of a typical shunt switch in the “on-state” position
(bridge is up and capacitance is low) is around 0.1 dB at
10 GHz and increases linearly with frequency to 0.6 dB
at 60 GHz. The isolation of a micromechanical switch in
the “off-state” position (bridge is low and capacitance is
high) is directly proportional to the bridge area and can
be designed to be-20 to —25 dB at 20 GHz, at 40
GHz, or at 60 GHz [45]. To date, metal-to-metal series
switches that have shown impressive “off-state” (bridge is
up and capacitance is low) isolation at 1-4 GHz0 to
—50 dB), with a very low “on-state” (bridge is down and
metal-to-metal contact is achieved) insertion losg0.(
dB), have been demonstrated [46]. Currently, most shunt
switches can safely handle 0.5-2 W of RF power in the “on-
state” position before hot-switching becomes a problem, a
phenomena where the RF voltage under the switch in the
“on-state” position develops enough of a voltage to actually
pull the micromechanical bridge down.

Micromechanical switches, such as those shown in
Fig. 12, normally outperform those implemented with PIN
diodes or GaAs field-effect transistors (FET's) in “on-
state” insertion loss and “off-state” isolation. They also
consume zero power when activated, unlike their solid-
state counterparts, which sink a finite amount of current
when activated. However, most are much slower than PIN
or FET diode switches (4—20s versus 1-40 ns), and they
so far require relatively high actuation voltages (20-60 V
versus 3-5 V). Micromechanical switches are also prone to

stiction problems in a metal-to-metal switch and dielectric hexagonal holesd(= 1050 um, period= 1700 zm) in the

clocioses, and research s stll being conducted t evaluae10" SUbstrate [Fig. 13()] [56], [57], The holes create
their ultima,te lifetimes (now at biIIionsgof cycles). However an "exclusion” of electromagnepc ques in the d|ele<.:tr|.c
there is one aspect of micromechanical switchés that mal%essu.bs.trate and therefore dramatically Increase the radiation

L efficiency of planar antennas (from 30% without holes to
them extremely favorable for communications systems:

Mi hanical itch i v i devi " 85% with holes). It is expected that photonic bandgap
Icromechanical Switches are extremely linear deviCes. .o rals will play an important role in the integration of
A 2 GHz switch in a two-tone experiment resulted in

. . igh-efficiency antennas on Si and GaAs substrates.
unmeasured intermodulation products and an extrapolatedhg y

IP3 of 66 dBm (4000 W).

Micromechanical switches are particularly attractive in V. CONCLUSIONS
low-power RF/microwave/millimeter-wave communica- Due to the need foQ values beyond the capabilities
tions systems because of their low distortion characteristics, of conventional IC technologies, board-level passive com-
and for active antenna applications (phased arrays, powemponents continue to occupy a substantial portion of the
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Microsisk Siloon and C.-Y. Chi, T. Weller, S. Robinson, A. Brown, R.
Henderson, and S. Pacheco, who are responsible for the
microwave and millimeter-wave effort.
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