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Abstract

This paper, the first of the two parts, presents coupling techniques for implementation of high order narrow-bandwidth bandpass filters from
micromechanical resonators using electrical coupling elements. Active and passive coupling elements are used in this work to implement high
order resonant systems from individual MEMS resonators. The concept of passive coupling of resonators using capacitors as the coupling
elements for filter synthesis and its electromechanical modeling is presented. Active coupling of resonators using transistor-based amplifying
circuits is introduced and demonstrated as well. Capacitively coupled bandpass filters with integrated coupling capacitors and filter quality
factor as high as 1500 at operating frequency of 810 kHz are practically demonstrat€dahplification was obtained from a resonator
array consisting of three resonator stages interconnected with active interface circuits.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cal resonatorR2—6]. Electrically sensed and actuated MEMS
filters up to the third-ordef2] and center frequencies up
Silicon-based MEMS resonators with their high quality to 68 MHz[3] as well as electrically actuated and optically
factors, low cost batch fabrication, small size and IC compat- sensed filters up to the 20th-order at center frequencies of a
ibility have a great potential as frequency selective compo- few megahertfs] have been demonstrated using the mechan-
nents (i.e. frequency references and filters) in modern, highly ical coupling approach. As the size of the micromechanical
integrated electronic systems. Extensive research is currentlyresonators is reduced to reach higher operating frequencies
underway to replace off-chip macro-scale resonant devicesin the VHF and UHF range, to avoid mass loading of the
in such systems with on-chip silicon-micromachined MEMS resonators by the coupling elements and have a reasonably
resonators. Despite high quality factors in the order of tens narrow filter bandwidth, mechanical coupling of resonators
of thousands, a single resonator is a first-order resonant sysmay require very small coupling elements (e.g., submicron
tem providing limited frequency selectivity. When used as in width wires) that are difficult to implement reproducibly
bandpass filters, in order to provide higher selectivity, higher using low cost manufacturing processes. In addition, the char-
order resonant systems comprising of a number of coupledacteristics of mechanically coupled filters (i.e. bandwidth) are
resonators are required. determined solely by the physical dimensions of the filter and
Mechanical coupling techniques, traditionally used for can fairly be tuned to the required values after fabricaidn
implementation of higher order filters from macro-scale me-  This work presents electrical-based coupling techniques
chanical resonatof4], have been applied to micromechani- for implementation of higher order bandpass filters from in-
dividual micromechanical resonators. Different variations of
mpondmg author. Tel.: +1 404 894 9496; fax: +1 404 385 6650. electrical coupling are introduced. Two different electrical

E-mail addressessiavash@ece.gatech.edu (S. Pourkamali), coupling techniques utilizing electrical coupling elemdfis
ayazi@ece.gatech.edu (F. Ayazi). are discussed and demonstrated in this part: (1) capacitive
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coupling (passive) and (2) active cascading of resonators. Coupling Capacitor  Resonators
Electrical coupling without the need for physical coupling Vp2
elements is presented in part Il of this paper. In the passive
coupling approach, capacitors are used to couple MEMS res- -
onators to each other and provide a higher order bandpas '
transfer function. Amplifying interface circuits in between
the resonators are used as the coupling elements for active
coupling of resonators.

The main advantage of electrical coupling approaches for Fig. '2. Schematic diagram of a capacitively coupled microelectromechani-
filter synthesis is their greater potential for extension of the @ filteraray.
frequency into the UHF range. Filter synthesis using elec-

trical coupling does not require mechanical design expertisetance between the electrodes and the resonating body as well
and provides more design flexibility for electrical engineers. g any wire-bonding pad or parasitic capacitor associated with
Inaddition, electrically coupled micromechanical filtershave the device. The transformers at the terminations of the device
superior tunability compared to their mechanically coupled (Fig. 1) count for any asymmetry between the sense and drive
counterparts and can be biased to the desired characteristicg|ectrodes that results in differentinput and outputimpedance
after fabrication. levels. Forasymmetric resonator, the transformersin the elec-
High-Q single crystal silicon (SCS) capacitive resonators trical model have a transformation ratio of unity; therefore,
[8-10] with operating frequencies in the medium frequency the equivalent circuit will be reduced to a serREC tank
band (300 kHz-3 MHz) are used as building blocks of passive terminated by two capacitors at the input and output.
and active electrically coupled MEMS bandpass filters. In the capacitive coupling approach, as depicteign 2,
micromechanical resonators are cascaded with shunt capaci-
N ) tors to ground in between every two adjacent resonators. The
2. Capacitive coupling coupling capacitors interact with the equival@itC tanks
of the resonators resulting in several resonance modes for

Fig. 1 shows the equivalent circuit model of a two-port  the system and consequently a multiple order bandpass fre-
capacitive micromechanical resonator. TRieCseries tank  guency response.

represents the mechanical nature of the resonating element
that is comprised of masbi|, stiffness K) and loss elements 5 1 Fijter operation
providing a second-order bandpass transfer function with a

pair of conjugate poles at its resonance frequency. AS given  assume a two-resonator (second-order) capacitively cou-
by Eq.(1), the equivalent motional resistance of the device e resonant system, consisting of a coupling capacitor and
is determined by the area of the sense and drive electrodes,yq similar resonators with center frequenty) (quality fac-
(Ae), the capacitive gap size betwe_zen_the electrodes and thgq,g Q> 1000) and motional resistanceR+. Insertion of
resonator ), the applied dc polarization voltag¥/f) and  he shunt coupling capacitor in between the two resonators
the mechanical quality factoQ) of the resonatoko is the  yegyits in a new pair of conjugate poles in the transfer function
permitivity coefficient of vacuum. of the system at the frequency given by E2j.

vVKMad*
Rm = S 2002 1 _ 1+ wfoCcRQO
Qe;“erVp fi=Jfo W 2

The input and output terminating capacitors represent theTh. il introd de for th t
physical capacitors that are present at the input and output, IS WITl Introduce a new resonance mode Tor the system

nodes of the resonator. Such capacitors include the capaci'"” addition to the inherent resonance mode of the individual

resonators aty. Fig. 3 shows the electrical equivalent cir-
I ¢, R, cuit and frequency response of a second-order capacitively

Vo v coupled resonant system showing how the extra resonance
# || c mode is created. For simplicity, the resonators are assumed
' T T ? to be symmetric and the corresponding input and output ca-

pacitances are neglected. Looking at the frequency response
of the two-resonator system, the first resonance occurs at the
mechanical resonant frequency of the individual resonators.
At the first resonance, as shownhig. 3, the two resonators
resonate in phase and the coupling capacitor has negligible
Fig. 1. Electrical equivalent circuit of a two-port capacitive MEMS res- contribution (Wh"eC_C |S_be|ng c_har_ged by the first resonator,
onator:dg, ds, Aq andAs are drive and sense electrode capacitive gaps and the other resonator is discharging it). At the second resonance
effective area, respectively. mode 1), however, the two resonators vibrate with a 180
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Fig. 3. Electrical schematic diagram of a second-order capacitively coupled resonant system and its frequency response.

phase difference and hence the coupling capacitor comes intdance of theRLC tank, causing the second resonance mode
the game (it is being charged and discharged at the same timéo have a higher frequency as given by E).

by both resonators). Due to symmetry inthisresonance mode, Fig. 4shows the electrical equivalent circuit and frequency
the system can be split into two equivalent half circuits each response for a third-order capacitively coupled resonant ar-
consisting of one resonator and a series capa€iti? to ray. For the third-order system, in the first resonance mode,
ground. The coupling capacitor in series with the motional all resonators resonate in phase canceling the effect of cou-
capacitance of the resonatd{) reduces the total capaci- pling capacitors. In the second resonance mode, the two
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Fig. 4. Electrical schematic diagram of a third-order capacitively coupled resonant system and its frequency response.
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terminating resonators resonate with algbase difference  2.2. Insertion loss
and due to symmetry, no current passes through the resonator

in the middle Fig. 4). Therefore, each of the terminating res- The insertion loss of a capacitively coupled filter (assum-
onators will be in series with a coupling capacitor, resulting ing ideal lossless coupling capacitors) is determined by the
in a higher frequency resonance mode at: order of the filter, the equivalent motional resistance of the
resonators and the terminating resistor values that flatten the
1+ 21foCcRQ filter passband. In a real case, when the filter is incorporated
Ji=Jfo TomFCRO 3) in an electrical system, the terminating resistors are the in-
V foCcRQ

put and output equivalent resistance of the electronic stages

In the third resonance mode, all the adjacent resonators res_adjacent to the filter (i.e. low noise amplifiers). With good

: . approximation, amth order filter at resonance is equivalent
onate out of phase (1_8(phase _d|ffer_enc¢) with respect_to topr? resistors, each having value &f,, in series. Theqrefore,
each other. The coupling capacitors in this mode are split be-
tween the resonators so that they result in the same resonanc nRm 4 2Rterm
frequency for all of them (one-third of a capacitor for each 2Rterm >
terminating resonator and two-third of each capacitor for the
middle resonator). The resulting frequency is:

%sertion loss(dB}x= 20 Iog( (5)
whereRem is the terminating resistor value. The required ter-
minating resistance value depends on filter bandwidth, maxi-
mum tolerable passband ripple and motional resistance of the
= f 3+ 27foCcRO ) (4) resonators. For a specific value of coupling capacitor and res-
' 27foCcRQ onators with similar design parameters (gap size, electrode
area and polarization voltage) resulting in equal equivalent
The asymmetry in the frequency response of the third-order motional capacitanceCy,) and consequently equal filter
filter is due to the fact that the terminating resonators have bandwidths, the motional resistance is determined by the
only one coupling capacitor next to them but the one in quality factor of the resonators. Therefore, filter insertion
the middle is terminated with two coupling capacitors. This loss will depend on the quality factor of individual res-
asymmetry that also happens for higher order arrays canonators.Fig. 5illustrates simulation results of second- and
be compensated by slight frequency tuning of the termi- third-order capacitively coupled electromechanical filters at
nating resonators of the chain with respect to the rest of 600 kHz with different resonator quality factors, showing de-
the resonators. On the other hand, for optimum operation pendence of filter insertion loss on tigeof individual res-
of the filter, it is necessary that all resonators in the chain onators.
have equal center frequencies and the slight frequency mis- For the specific filter characteristics Bfg. 5, coupling
match results in an increased insertion loss. The more effi- capacitors of 0.15 and 0.2 pF are used that can be easily fab-
cient solution to this problem is to use a closed chain of cou- ricated on-chip in any MEMS or CMOS process. Accord-
pled resonatorfs] providing complete symmetry for all the  ing to Eqgs.(2)—(4), the required coupling capacitor values

resonators. are determined by the motional resistance of the resonators,
-0 -0
0248 =] 0=30,000 10.548 - = 0=30/000
-0.84B / Q=10,000 A 1dB A N O=10,000
2348 0=31000 i, 0=3,000
" d 5 )/ N\ 4.0dB \
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o fy = 600 kHz o /| fy=60p kHz \
BW =1.2|kHz BW =1.2 kHz
POdB S.F. 3.3 / 20dB S.F} = 1.8 \
- 40dB S.F. 4 10.4 B 40dB S.F| = 3.8
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*  S.F. = shape factor, and BW = bandwidth.

Fig. 5. Simulation results for 600 kHz capacitively coupled second- and third-order filters. A higher respmasuits in a lower insertion loss. Coupling
capicitanceC; =0.15 pF (second-order;. = 0.2 pF (third-order) an&m=50 k2. S.F.: shape factor and BW: bandwidth.



S. Pourkamali, F. Ayazi / Sensors and Actuators A 122 (2005) 307-316 311

=100
=30

=1
ra g

IS0
|

| %L
A/, .
11/ \

225 / \ i
fes / 16-Jul-02 ¥D30.3mm 15.0kV x250  200un

598.4 KHz 5984 KHz 599.2 KHz 599.6 KHz 600.0 KHz 6004 KHz 600.8 KHz 601.2 KHz 601.6 KHz

Fig. 7. 300um long, 7n.m wide and 25um thick HARPSS SCS beam res-

Fig. 6. Effectof finiteQ of the coupling capacitors on the frequency response " -
onator fabricated on a regular silicon substréje- 600 kHz).

of a third-order capacitively coupled filter.

operating frequency, order of the filter and the desired filter Since the resonating body of HARPSS resonators fabricated

bandwidth. on regular silicon substrates are electrically connected to the
silicon substrate, the two resonators have to be on different
2.3. Loss in the coupling capacitors substrates so that their resonance frequencies can be tuned

independently by applying different polarization voltage val-
Fig. 6 shows the simulated frequency response of the ues. The parasitic capacitances introduced by the wirebonds
third-order capacitively coupled filter dfig. 5 (resonator ~ and the PCB in addition to the large pad capacitors of the
Q=10,000) with non-ideal (lossy) coupling capacitors. Since resonators-{1 pF) resulted in a total coupling capacitor of
the coupling capacitors do not have a significant role in the ~3 pF. With such a large coupling capacitor, separation of
first resonance mode, their fini@ does not have a signifi-  the two resonance peaks is less than the bandwidth of indi-
cant effect on the first resonance peak butits attenuation effectvidual resonators and two separate resonance peaks were not

becomes more pronounced in higher resonance modes. ~ observed after tuning the frequenciésy( 8). However, the
measured shape factor values confirm the second-order nature

2.4. Implementation with off-chip interconnections of the systemkig. 9shows simulation result of the measured

Single crystal silicon capacitive HARPSS resonators fab- AR log MAG 10 dB/ REF -40 dB -6.0738 dB
ricated on regular silicon substra{&$ were used to demon- Stop.Rej. = 54dB | : ; : : :
strate preliminary results for capacitively coupled bandpass | .4pds.F=11.2........
filters. SEM view of a 600 kHz HARPSS SCS resonator is 20dB S.F.=3.0 : % : : :
shown |nF|g 7. Such resonators are Comprised of SCS in- ...Qm.é:..Q,.Q}.(é) ......... .......... e S S .......... .......... ..........
plane resonating element and polysilicon sense and drive : : : : : : :
electrodes. The capacitive transduction gaps are defined in
a self-aligned process step by the thickness of a sacrificial
oxide layer and can be scaled down to tens of nanometer.
The 600kHz SCS clamped—clamped beam resonators used’
in this work have capacitive gap size of 700 nm and quality
factor of ~10,000.

In order to demonstrate a 600 kHz second-order filter, two
HARPSS resonators on different silicon chips were mounted
and wire-bonded on a PCB containing a low noise JFET-input

595.88 kHz

ampllfler to Sense the OUtpUt Slgnal Of the fllter. The PCB Wa.S .......... .......... .......... f0=596kHz .............. .......... .......... ..........
placed in a custom vacuum system which kept the pressure i é ‘BW -3dB = 60H; j ; 2
below 1 mTorr. The output of the first resonator was directly — 1FBW 30 Hz POWER -35 dBm SWP 23.54 sec

. CENTER 595.9 KhZ SPAN 2 Kh
connected to the second resonator through wirebonds and the “

metal track on the P_CB- The f_requency response of the fil- Fig. 8. Frequency response of a second-order capacitively coupled resonator
ter was measured using an Agilent 4395A network analyzer. array with off-chip interconnections.
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Fig. 10. SEM view of a second-order 800 kHz capacitively coupled filter

Fig. 9. Simulation results for coupled resonator arrafyigf 8showing good with integrated coupling capacitor.

agreement between the simulation and measurement.

filters. The filters were tested under vacuum in a vacuum
filter with 3 pF parasitic coupling capacitance showing ex- probe-station. Two different polarization voltages were ap-
cellent agreement between the measurement and simulationplied to the two resonators in order to tune their center
frequencies to equal values. One of the main concerns for

2.5. Implementation with integrated coupling capacitor measurement of such devices was dc biasing of the coupling
capacitor. Since very small values of coupling capacitors in
To overcome the problems associated with off-chip inter- the order of tens of femto-Farads are required for proper op-
connection and large parasitics, capacitively coupled filters €ration of such filters, addition of any extra biasing elements
with integrated coupling capacitors were fabricated on SOI to set a constant dc bias valqe for the coupling c'apacnor will
substrates. SOI substrates provide the capability of electricalC@Use & large overall capacitance at the coupling node and
isolation between the resonators and, therefore, different res-deteriorate filter characteristigsl]. In order to alleviate the
onators in the same filter array can be tuned independently.Piasing problem without adding extra biasing elements, po-
The resonators were fabricated using a self-aligned submi-larization voltages with opposite polarities were applied to
cron trench etching techniqye0] and are fully made of the two resonators causing the coupling cap.acrt_or to have a
single crystal silicon. The width of the capacitive gaps in dc yalu_e equal to the average of the two pola_\rlzatlon voltages
such devices is defined in a self-aligned manner by the thick- Which is close to zero. As a result, there will be enough dc
ness of a sacrificial polysilicon layer and can be reduced voltage difference for signal transduction between each of
down to deep-submicron levels without the need for nano- the resonators and the coupling capacitor that also acts as the
lithography. Deep-submicron capacitive gaps are then dry INPut and output electrode of the coupled resonators. .
etched using the Bosch process in an inductively coupled ~ Fig- 12shows the frequency response of the 800 kHz fil-
plasma system (ICPFig. 10shows the SEM view of a fabri- ter of Fig. 10with different values of polarization voltages
cated second-order capacitively coupled bandpass filter. The2PPlied to the resonators. According to E2), as the equiv-
filter consists of two clamped—clamped beam resonators, eacrflent resistance of the resonators decreases by increasing the
178um long, 3.7um wide and 4.um thick with 350 nm
wide dry-etched capacitive transducer gaps. The quality fac-  Asilent 43954 DC Supply

tor of individual resonators was measured to be 5000 at reso- = —

nance frequency of 800 kHz. The output electrode of the first / \ g .:C:?.:. §§§ mm O
resonator is connected to the input of the second resonator 8 EEEB BBH oooog
through a 5Qum wide and 15%m long silicon island. The ———— ° 0 ¢—o we » soa
handle layer of the SOI substrate is connected to dc ground v,

so that the capacitance between the interconnecting silicon v "

island and the handle layer acts as the coupling capacitor. The
thickness of the buried oxide layer of the SOI substrate for
the device ofFig. 10is 5um resulting in a 45fF coupling
capacitor value.

Fig. 11shows the schematic diagram of the measurementrig 11, Schematic of the test setup for measurement of arrays of capacitively
setup for characterization of integrated capacitively coupled coupled beam resonators with integrated coupling capacitor.

Vacuum
Probe-Station
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A/R log MAG 5 dB/ REF -95 dB -75.862 dB A/R log MAG 5 dB/REF -91.9 dB -73.156 dB
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b pl :
......... [/[,3—-7(”/
IF BW 10 Hz POWER -18 dBm SWP 94.69 sec IFBW 10 Hz POWER -20 dBm SWP 94.69 sec
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20dB S.F. : : : : :
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A ......... ......... .......... .......... v

1ps

........ - V,ZZ-]5(}V .

IF BW 10 Hz POWER -15 dBm SWP 94.69 sec IF BW 10 Hz POWER -30 dBm SWP 94.69 sec
CENTER 807.55 kHz SPAN 10 kHz CENTER 776.1 kHz SPAN 50 kHz

* P.S. = frequency difference between the two resonance modes (peak separation), Stop Rej. = stopband rejection.

Fig. 12. Frequency response of the 800 kHz capacitively coupled filiéigolLQ Filter bandwidth changes by changing the applied polarization voltages. P.S.:
frequency difference between the two resonance modes (peak separation) and Stop Rej.: stopband rejection.

polarization voltages, the same value of coupling capacitor Table 1

resultsin stronger coupling (|arger peak separation and |arger(:a|culated resonator parameters and resonance peak separation with differ-
bandwidth) Such bandwidth tunability is not possible forme- ent polarization voltages and the measured peak separation values
chanically coupled filters and can be used for post-fabrication Vet V)~ Vp2(V) ~ Rm (M)  Calculated  Measured

calibration of capacitively coupled filters. In addition to dif- PS. (H2) PS. (H2)
ferent polarities, the polarization voltages applied to the two —2-2 70 184 384 290
resonators have different absolute values in order to compen-:g; ;:g ﬁg gig gg;
sate for fabrication inaccuracies and tune the center frequency 1, 3 150 021 3370 3636

of the coupled resonators to equal values.

Table 1compares the theoretically calculated resonator
parameters and filter bandwidths for different values of po- the coupling capacitor and the resonators and the motional
larization voltages, showing good agreement between theresistances are the values experienced by the coupling capac-
measurement and theory. For calculation of the equivalentitor at the coupling node witki, = (Vp1 + Vp2)/2. Deviation of
motional resistance of the resonators, it has been assumethe measured data from the calculated values for some of the
that the polarization voltages are divided equally between data points is considered to be a result of uneven distribution
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Resonaiors Mathematically, it can be shown thatiidentical resonators
with individual quality factors of); are cascaded, the resul-
tantQ factor of the cascade is equal to:

0
Ototal = 100.3/’1 1

- Qo =12/nQ; if n>>1

Amplifiers (6)
Fig. 13. Schematic diagram of an active cascaded micromechanical filter ThiS concept can be used to increase the equivalent quality
array. factor of MEMS resonators for filtering or frequency synthe-

sis applications, in case their intrin€)is not high enough. In

of the polarization voltages between the resonators and the2ddition toQ-amplification, cascaded resonator stages pro-
coupling capacitor at the coupling node due to leakage cur- vide smaller shape factor (higher selectivity). Itcz_an be shown
rents that the shape factor of the cascaded stages is determined

It is worth noting that in both integrated and off-chip solely by the number of the stages regardless of the quality
implementation of capacitively coupled filters due to exis- actor of the resonators:
tence of comparatively large pad capacitors at the input and 10¢7 — 1
output nodes of the filters and large resonator equivalentS.F4o4 = 1097 1 — lasz becomeslarge @)
impedances, it was not possible to damp the resonators and 1 -1
flatten the filter passband by adding terminating resistors. ForFig. 14a illustrates simulated frequency response of cas-
the same reason, valid measurement of insertion loss couldcaded resonators with different orders showing the overalll
not be performed. amplification by increasing the order of the systéiig. 14

shows the comparison between cascaded arrays with differ-
ent number of stages and identical ove@lDespite having

3. Active cascading equal quality factors, higher order cascades provide sharper
roll-off and superior selectivity (smaller shape factor).
The alternative approach used in this work for implemen-  Introducing a slight mismatch between the center

tation of multiple order micromechanical bandpass filters is frequencies of cascaded resonators results in separation of the
the active cascading of resonators using active electrical com-resonance peaks and, hence, a wider bandwidth while main-
ponents as the coupling elemeritiy, 13. Inthis approach,a  taining the sidewall sharpness. However, center frequencies
number of resonators are cascaded with buffers or amplifiersof cascaded devices should be close enough to avoid exces-
in between to eliminate the loading effects. This results in sive attenuation of each stage by the other stages.
multiplication of the transfer functions and an overall higher
order transfer function for the system. 3.1. Implementation of active cascaded filters

When all the stages have equal center frequencies, cas-
cading results in order multiplication of poles, which can HARPSS SCS resonators fabricated on regular silicon
be interpreted as an overall higher equivalent quality factor. substratesKig. 7) were cascaded with JFET-input amplifiers

0 - 0 F T T T T
-10 | Q,=10,000 " 210 |
I’ order
| 15t order

-20 20 L
) 0,=15,600 d g

30 | O 2 1 z
=] =15,
< 2" order g 30 [ 20 ord
S ‘@
Z 40t g
‘g g -40
£ .50 [ 0s19.600 s
= =
& -50 |

60 |

60 L SF2OIIB=
70 | 04=23,000 :
0,=0-=05=0,
-80 L L L L L L -70 L L L L
599.6  599.8 600.0 600.2 6004 599.6 599.8 600.0 600.2 599.6 599.7 599.8 599.9 600.0 600.1 600.2 6003 600.4

(a) Frequency (kHz) (b) Frequency (kHz)

Fig. 14. Simulated frequency response of cascaded resonators with: (a) ind®@id&l,000 (600 kHz) and (b) identical overall quality factors and different
orders.
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Fig. 15. Measured frequency response of cascaded resonators for achieving higher quality factors.
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Fig. 16. Frequency response of second- and third-order bandpass filters by electrical cascading and tuning of resonators.

in between them to implement electrically cascaded filters. Q-amplification Qoveran=19,300) has been achieved by cas-
All the interconnections and amplifiers were off-chip. cading three stages of resonators. In addition to hiGhéne

To demonstrat&-amplification resulting from cascad- cascaded stages exhibit lower shape factor (higher selectiv-
ing of resonators, center frequencies of the resonators werdty).
adjusted to equal values by the application of appropriate  Fig. 16shows the frequency response ofthe same cascaded
polarization voltages. Second- and third-order cascaded restesonator arrays when the center frequency of the resonators
onator arrays were tested under vacullable 2compares is tuned to slightly different values to achieve wider band-
the measured and calculated oveflalues for cascaded  width filters.
arrays at different center frequencies, showing good agree- Since the cascaded filters in this work are active filters,
ment between the measured data and thdagy.15shows they are characterized by their gain instead of insertion loss.
frequency response of up to three stages of cascaded rescain of the filters in this case is determined by several param-
onators with equal center frequencies of 600 kHz and indi- eters including the gain of interconnecting amplifying stages,
vidual quality factors of approximately 10,000. Close 0,2  motional resistance of the resonators and matching between

the input and output of the amplifiers and resonators.

Igtl)tlzilited and measured overall and individQalfor cascaded resonators 4. Conclusions
f0 (kHZ) Ql QZ Q3 Qtotcalc Qtot.meas

60.5 17500 16300 - 26300 28100 Electrical-based coupling techniques for implementa-
ggg 18388 igggg - igggg igggg tion of multiple order microelectromechanical resonant fil-
599 9800 10600 9000 19100 19300 ters were introduced. Two different variations of electrical

coupling using passive or active coupling elements were
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discussed and practically demonstrated. Electromechanical [8] S.Y. No, et al., Single crystal silicon HARPSS capacitive resonators
modeling and operating principles of capacitively coupled with submicron gap spacings proceedings, Hilton Head, 2002, pp.
resonators were described. Single crystal silicon capacitive __ 281-284.

- . [9] F. Ayazi, K. Najafi, High aspect-ratio combined poly and single-
resonators were used as building blocks for second- and third- crystal silicon (HARPSS) MEMS technology, JMEMS 9 (3) (2000)

order electrically coupled filters. Second-order capacitively 288-294.

coupled filters with integrated coupling capacitors and quality [10] S. Pourkamali, F. Ayazi, Fully single crystal silicon resonators with
factors as high as 1500 were demonstrated at center frequency  deep-submicron dry-etched transducer gaps, MEMS'04, 2004, pp.
of 800 kHz. It was shown that the bandwidth of the capaci- ___ 813-816.

tivel led filt be t d by ch ing th lied [11] D. Galayko, et al., Microelectromechanical variable-bandwidth
Ively coupled Tilters can be tune y changing the applie IF frequency filters with tunable electrostatical coupling spring,

polarization voltageQ-amplification was demonstrated by MEMS'03, 2003, pp. 153-156.
active cascading of resonators with interconnecting ampli-

fiers. A 2x Q-amplification was achieved for a three-stage )

cascade at 600 kHz. Biographies
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