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ABSTRACT

A device comprised of interlinked micromechanical resona-
tors with capacitive mixer transducers has been demon-
strated to perform both low-loss frequency translation (i.e.
mixing) and highly selective filtering of applied electrical
input signals. In particular, successful down-conversion of
radio frequency (RF) signals from 40-200MHz and subse-
quent filtering at a 27MHz intermediate frequency (IF) with
less than 15dB of combined mixing conversion and filter
insertion loss is demonstrated using this single, microme-
chanical device. Mixing conversion gain/loss is shown to
depend upon aratio of local oscillator amplitude and applied
bias voltages. A single-sideband (SSB) noise figure of 18dB
is achieved.

I. INTRODUCTION

Super-heterodyne communication receivers rely heavily
on both highly selective filtering and low-10ss, low-noise
mixing for frequency channel selection and down-conver-
sion. To maximize performance, these mixing and filtering
functions are most often achieved via separate and distinct
components that must interface with one another at the
board-level. The use of separate components for mixing and
| Ffiltering not only places limits on the degree of size reduc-
tion possible in portable communication devices, but can
also entail added power consumption if special drivers are
required to properly match the output of the mixer to the sub-
sequent filter. Furthermore, impedance mismatches between
the mixer output and filter input can contribute additional
insertion loss in the receive path.

Recent advances in micromachining technologies that
yield high-Q micromechanical resonators [1] may now offer
amethod for combining both of these functionsinto asingle
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passive, micro-scale device. This paper reports on such a
device comprised of interlinked micromechanical resonators
with capacitive mixer transducers that down-converts radio
frequency (RF) signals from 40-200MHz to a 27MHz inter-
mediate frequency (IF), then performs high-Q filtering, all
with less than 15dB of combined mixing conversion and fil-
ter insertion loss, and with ideally zero dc power consump-
tion. Such a device can potentially replace both the filtering
and mixing functions in heterodyning wireless communica-
tion transceivers (as shown in Fig. 1), reducing both size (by
orders of magnitude) and power dissipation over the off-chip
macroscopic counterparts often used in current systems.

1. MIXER+FILTER STRUCTURE AND OPERATION

Figure 2(a) presents a schematic describing the structure
and operation of the micromechanical mixer+filter device.
As shown, the basic structure of this device mimics that of a
pmechanical filter [2], comprised of two clamped-clamped
beam presonators, each with center frequency f,g, coupled at
low-velocity locations by aflexural mode beam. As such, the
device operates by first converting an electrical input signal
to a mechanical force, then processing this signal mechani-
cally viaits network of flexural-mode beams, then re-con-
verting the resulting signal to an electrical output signal that
can be further processed by subsequent transceiver electron-
ics. This structure, however, differs from previous filtersin
that the coupling beam is now highly resistive to reducing
local oscillator-to-output coupling, and additional electrodes
have been provided to allow voltage-controlled frequency
tuning and localized annealing [3] for each presonator. In
addition, the gaps between the electrodes and resonators are

now only 300A in order to maximize electromechanical cou-

plings at the input and frequency pulling transducers.
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To operate this device as a mixer+filter, very specific
input placements are required: alocal oscillator input v, o
with frequency f| o applied to the input resonator; an infor-
mation (or RF) input vge with frequency fre=f;+f o (con-
sistent with actual inputs to communication transceivers)
applied to the terminated input electrode; and a dc-bias volt-
age Vp applied to the input and output resonators in the filter
structure. Even though none of the applied signals shown in
Figure 2(a) is within the passband of the micromechanical
filter, aforce component within the filter passband still arises
at the input due to quadratic nonlinearity in the voltage-to-
force capacitive input transducer. Specificaly, thisforceF; is
given by: (assuming Vp1=Vpo=Vp, which will be the case
henceforth)
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where dC,/dx is the incremental change in electrode-to-reso-
nator capacitance at the input transducer (and is negative in
sign), and where the mixed component of interest has been
singled out. The frequency of the force falls within the filter
passband when fre=f| ot+f|g, at which point vibration is
induced in the micromechanical filter section, and a subse-
quent filtered signal is generated by the dc-biased, time vary-
ing capacitor at the output transducer. This output signal will
have a frequency within the IF passband around f;g and a
current magnitude into the output resistor Ry, given by
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where dC,/dx is the incremental change in electrode-to-reso-
nator capacitance at the output transducer.

1. MIXER+FILTER DESIGN

The design specification for this device encompasses both
mixer and filter requirements, and thus, includes metrics for
IF frequency f,g, filter bandwidth B, filter shape factor S, and
overall noise figure F. As explained in [2], when the resona-
tors are identical, the center frequency of the filter fg is
equal to the center frequency of each resonator, which with
tuning electrodes is now given by the expression

e = i = [l - o

where k, and m, are the effective stiffness and mass, respec-
tively, at the I/O location (y=L,/2) of each presonator [2], K
is afitting parameter that accounts for beam topography and
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where g, is the permittivity in vacuum, k(y) is the location-
dependent mechanical stiffness [2], W is the width of the
I/O electrodes, It and |y, are the y-locations of the tuning
electrode edges measured from the anchors, other geometric
dimensions are given in Figs. 2(a) and 3, |v of;=0V for i=2,
and where tuning electrodes are assumed to be placed sym-
metrically around 1/O electrodes in (5). The bandwidth B of
thefilter is given by the expression

B = ELDj(S_HD (6)
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where kg, is the stiffness of the coupling beam, and kq, isa
normalized coupling coefficient found in filter cookbooks
[5]. To attain a properly flattened passband, termination
resistors are required as shown in Fig. 2(a), given by

0 em, 0
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where n is the electromechanical coupling factor of the 1/0
transducers, Q is the resonator quality factor, Qg =(f,g/B),
and g isanormalized Q value found in filter cookbooks [5].

Conversion Gain/Loss.

The mixer conversion gain/loss in this device is deter-
mined primarily by the relative magnitudes of the dc-bias Vp
applied to the resonator and the local oscillator amplitude
[V ol- Using (1), assuming Rg,, resistors given by (7), and
with the recognition that the filter structure presents a large
input impedance to both vge and v| g (since their frequencies
are off-resonance), the expression for conversion gain/loss

takes the form
G = —1 = I_lV
conv L VP

20|og[|#:’q [dB]. (8

Note that conversion gain is possibleif |v o > Vp
Noise Figure.

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[4], and can be expressed as

F = I—conv|dB + I—fltr|dB +3 [dB]! (9)

conv

where Ly |gg isthefilter insertion lossin dB. Possible values
might be Loonlga=0dB (With [v ol=Vp) and Ljylga=20B,

leading to F=5dB—very good calculated performance for a

combined mixer and filter using passive components.
IV. FABRICATION

finite elasticity in the anchors, K, is the mechanical stiff-
ness of each presonator at the 1/0 location, and <kg/k,,> and
<kgit'ky> are mechanical-to-electrical stiffness ratios inte-
grated over the I/O and tuning electrode lengths, respec-
tively, of resonator i, and satisfying the relations (assuming

Micromechanical mixer+filters were designed using the
above procedure, then fabricated using a polysilicon surface-
micromachining process that was conventional [1] in all
respects, except for an extra implant blocking mask to define
high-resistance (~58) coupling beams and a much thinner

(DA substantially longer sacrificial release etch in hydroflu-
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" oric acid (HF)—45 min. on average—was required to free

m

IV ol>>IVrel) sacrificial oxide to define structure-to-substrate gap spacings
1 of only 300A. Such small gaps significantly impacted the
keiD Jé(Lr W) (V3 + O.S\VLO\E)SOWrd @ fabrication and performance of the devices as follows:
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Fig.3: SEM of the 27MHz pmechanical mixer+filter with Fig. 4: Frequency spectrum for a 49.7MHz clamped-clamped
important dimensions. beam micromechanical resonator measured under 50
HTorr vacuum. Qexgract accounts for interconnect Ry as
the devices. This resulted in attack of interconnect poly- ST . . . . —
silicon and raised the series resistance of the leads to elec-
trodes. Although Cr/Au metallization helped to reduce -10 —
interconnect resistance, it could not cover al interconnect —
areas. As a consequence, interconnect resistances up to g 14 7
200Q degraded resonator Qs by up to a factor of ten. S agl i
(2)Extensive cleaning procedures, including piranha clear @
and supercritical C®cleaning, were required after € -22 - .
release to clear out etch by-products from the tiny gaps. % 6L i
(3)During testing, theQ of small-gapped resonators was —
quite sensitive to contamination by contaminants (e.g. -30 - -
pump oil molecules), more so than previous large- gappe
resonators. Contamination in the gap is suspected as 34 N

damping mechanism for these small-gapped devices, ar 26 26,5 7 275 28
strict environmental control is stressed to minimize it. Frequency [MHz]

Figure 3 presents scanning electron micrographs (SEM’S):ig. 5: Frequency characteristic for a 27MHz micromechanical
of a 27MHz IF mixer+filter device, indicating key dimen- filter measured under 50 pTorr vacuum.
sions and features. Device yield was limited mainly by resi- N . .
dues remaining in the tiny electrode-to-resonator gaps aftey 1 N€ measure@ shown in Fig. 4 is not the intrinsfQ of

the HF release etch. Again, extensive cleaning procedurdde resonator device by itself. Rather, it represe@salue
were required to improve yields. loaded by series resistance from the polysilicon interconnect.

Taking into account series resistance in the interconnect and

V. EXPERIMENTAL RESULTS electronics (~15Q+250Q) and using a calculated value for

To minimize parasitic capacitance, mixer+filters, as wellfésonator series resistanRg=84Q, the theoretical actual
as stand-alone resonators and filters, were attached aMalue of resonata® is found to be 11,500. Of course, a filter
bonded directly to circuit boards containing the needed ele&omprised of such resonators does not see this “actual” reso-
tronics shown in Fig. 2(a), then evaluated in a custom-builfatorQ; rather, its performance will be degraded by inter-
vacuum chamber under GUorr pressure (provided by a connect resistance, as well. Figure 5 presents the measured
turbo-molecular pump). Even at this low pressure, contamfrequency characteristic for a 27MHz two-resonator filter,
nants are still suspected in the system, perhaps due to outg&§0Wing 6dB of insertion loss for a 0.86% bandwidth
sing from the board and electronics. (B:233kHZ), with 20dB of StOpband reJeCt|On, and a ZOdB—

An HP 8714C Network Analyzer was used with the abochOW” sh_ape factor of 2.65. Although adequ_ate for I_F applica-
chamber and electronics to obtain frequency spectra for tHiNs, this does not convey the true potential of this technol-
stand-alone resonators and filters. The measured frequen@@y- In particular, smaller insertion loss should be achievable
spectrum for a 49.7MHpresonator is shown in Fig. 4, With more conductive interconnects. o
showing a directly measur& of 2,000. Due to insufficient ~ Mixer+filter devices were then tested, again using the cus-
environmental control in the test apparatus used, elevatd@m-built vacuum chamber, but with the set-up shown in
temperatures were required to remove contaminants from tiégd. 6. Here, the output of a mixer-+filter device is monitored
device surfaces and from the electrode-to-resonator gap8,the IF range (24-29MHz) by a spectrum analyzer in MAX
which otherwise severely compromised dev@@s. For ~HOLD mode while the device is driven by an RF signgl
many of the resonators tested, hi@hvas seen only after the Swept from 37-42MHz, with a 13MHz local oscillator volt-
temperature of the resonator was raised via a localizedd€VLo applied. The procedure for evaluating mixer-+filters
annealing procedure, in which an electric current is pushelas as follows:
through the resonator device to heat it up [3]. (DApply an annedling voltage across each resonator to

28.5
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Table|: uMechanical Mixer+Filter Evaluation Data

Parameter Value Units

UResonator Mass @ 1/0, my 354x10° 1L kg

MResonator Stiffness @ 1/0, k, 10,194 N/m
Coupling Beam Stiffness, kg o 1,206 N/m
Electrode-to-Resonator Overlap 88 um?
Electrode-to-Resonator Gap, d 300 A

Electromechanical Couplinge 1.1210° C/m

= Anneal Voltage o 2252 go IF Center Frequency 27 MHZ
5 S e
== Virea | [111 |22 IF Filter Bandwidth 233 KHz
(HP E3630A) | frpee
. r— Spectrum Analyzer 20dB-down Shape Factor 2.65 —
RF Input HP 8714C Network - -
Sigﬂg\]g}; Analthzr (foé m_anu:,, Local Oscillator VLO(HP 8561E) Filter Insertion Loss 6 dB
or swept-mode inputs) (p 33120A) Mixer Conversion Loss 9 dB
Fig. 6: Experimental set-up for mixer+filter evaluation. LO-to-IF Isolation {_o=13MHz) 13 dB
-48 [ S i ' ' " LO-to-RF Isolation f{ o=13MHz) 13.5 dB
52 [~ - RF-to-IF Isolation fig==42MHz) 16 dB
56 - Through 15dB - [Vre| (swept from 37-42MHz) -15 dBm
g-so L Measurement _ MV ol (13MHz) 5.5 Y
S el Mixer+Filter | Resonator DC-Biad/p 21 \Y,
G_) H 1 H [
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2-72 - . more conversion loss than the data presented in Fig. 7,
< 6k i mainly due to the unavailability of a high frequency function
g0 | generator able to source voltage amplitudes larger than 1V—
i i.e., ¥ ol<<Vp in these measurements.
-84~ T Finally, the LO-to-IF, LO-to-RF, and RF-to-IF isolations
' ' ' ' ' ' were also measured and are summarized in Table |. Due to
24 25 26 27 28 29 e :
the lack of a substrate ground plane in this particular process,
Frequency [MHZz] ) . . .
) . . . these data are not representative of the true isolation capabil-
Fig. 7:  Spectrum obtained when sweeping the RF input vge over

a 37-42MHz frequency range while detecting and hold-
ing outputs (using the MAX HOLD function on an HP
8561E Spectrum Analyzer) over a24-9MHz range. Note
the frequency shift from Fig. 5 due to the addition of the
local oscillator signal (c.f., Egs. (4) and (5)).

remove contaminants, then measure afirst spectrum;

(2)adjust tuning voltages to move mode peaks to the desired
bandwidth;

(3)adjust the LO amplitude and the dc-bias voltage to flatten
out the spectrum, iterating with step (2) if necessary to
obtain a properly flattened passband.

The result of this procedure is shown in Fig. 7, which shows
the output spectrum of the mixer+filter under RF excitation,
as measured by a spectrum analyzer in MAX HOLD mode.
The fact that the I F filter spectrum is seen as output under RF
excitation clearly indicates down-conversion and filtering.
Table | summarizes the excitation signal levels used and per-
formance obtained via this evaluation. A through measure-
ment, in which the mixer+filter device is bypassed by a
short-circuit, is also included in Fig. 7. From the difference

ities of this technology. Devices utilizing more creative
shielding strategies are currently under investigation.

VI. CONCLUSIONS

Micromechanical mixer+filter devices have been demon-
strated with IF frequencies in the low VHF range and SSB
noise figures around 18dB— performance on par with other
discrete, passive mixer/filter combinations. Down-conver-
sion and filtering of RF signals from 40-200MHz has been
achieved. The need for large voltages, both ac magnitudes
and dc bias levels, remains an issue for the mixer+filters of
this work, but can be alleviated in future versions if smaller
electrode-to-resonator gaps (~200A) or circugtructure
integration (which decreases node capacitance, thus, allow-
ing higherRqg, values) are utilized. The use of such smaller
gaps coupled with more conductive interconnect should
allow mixer+filter devices with substantially better noise fig-
ure than demonstrated here. Finally, the contamination-
inducedQ-degradation seen in this work stresses the need
for controlled environments (perhaps provided by a combi-
nation of vacuum encapsulation and temperature control)
when using micro-scale mechanical devices.
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