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 I ABSTRACT. 

This paper reports on the design and characterization of
2.4 MHz and 9.2 MHz fourth and sixth order passband microelec-
tromechanical coupled-resonator filters implemented in a 15 µm
thick-film epitaxial polysilicon technology. The work uses a
novel approach in the building of coupled-resonator electrome-
chanical filter structures using on-line controlled electrostatic
coupling. Mechanical springs commonly used to couple micro-
mechanical resonators were replaced by electrostatical  links cre-
ated by pairs of biased electrostatical transducers. To control the
coupling strength, an original biasing scheme of electrostatical
transducers is proposed. The idea is to maintaint a fixed charge on
the floating-potential middle electrode of the electrostatical cou-
pler. This electrode doesn’t need any external electrical connec-
tion, thus doesn’t suffer from parasictic capacitances. 

The coupling factor is directly controlled by coupling trans-
ducer bias voltages, allowing the control of the filter pole fre-
quencies. A voltage controlled bandpass filter at 9.2 MHz showed
a bandwidth with a tuning range of 3.18 to 47.4 kHz. 

Keywords: microelectromechanical filter, coupling, tunable,
electrostatical transducer, thick-film

 II INTRODUCTION AND STATE OF THE ART

A keen interest has been shown recently in micromachined
mechanical silicon integrated filters for analog signal processing
in sensing and telecommunication applications [1], [2]. The chal-
lenges represented by the realization of silicon micromechanical
passband filters have been highlighted in numerous studies touch-
ing upon technology, design and performance issues. Consider-
able efforts have been devoted to either design or improvement of
second-order electromechanical resonators which constitute the
building blocs of electromechanical filters [3-6]. 

High-order electromechanical filter design involves several ele-
mentary resonators interacting with each other in a way to gener-
ate a given passband function. Customarily, coupling of
mechanical resonators is achieved with a soft mechanical beam
connected between two resonators. This technique was used to
implement filters with three resonators at 450 kHz [7] and with
two resonators at 70 MHz [8]. Also, an alternative to mechanical
coupling beam has been proposed [9]: twenty 5 MHz drumhead
resonators has been coupled thanks to partial overlapping of the
drumhead vibrating areas. 

However, mechanical coupling approach presents several limi-
tations concerning the geometry of the filter (in the most cases
only adjacent resonators can be coupled), the transfer function
(only “all-pole” functions are achievable) and the tuning (the cou-
pling strength can’t be modified after fabrication). 

Recent works put forth an alternative technique for coupling of
mechanical resonators. An elastic link between closely spaced

resonators is introduced by electric field which is generated by
voltage applied between the resonators [10]. This approach offer
several advantages, namely, voltage control of the elastic link
(hence a good filter tunability) and the absence of a coupling
spring. This technique has been used to realize a fourth-order fil-
ter composed from two clamped-clamped beam resonators cou-
pled using this technique. 

However, the need to closely space the vibrating elements of
the resonators is very restricting. From the geometrical shape of
the resonators [10] it appears that the electrostatic coupling can
seldom be used with three or more clamped-clamped beam reso-
nators. Moreover, the technique can’t be directly applied to reso-
nators with non-rectilinear shape (e. g. vibrating disk resonator). 

Structures in which an intermediate DC-isolated coupling elec-
trode inserted in-between the vibrating elements have been pre-
sented recently [11]. The coupling electrode is placed close to the
vibrating elements, in a way to yield two series-connected elec-
trostatical transducers. It can have an arbitrary shape, thus liberat-
ing the designer from the geometrical restrictions mentioned
above. The coupling strength is fixed at the design level by the
value of the common node parallel-to-ground capacitance. The
passband shape is tuned by adjusting the resonator bias voltage,
which doesn’t affect the coupling factor but only the natural fre-
quency of resonators. This tuning technique increases the inser-
tion loss and can only be used for small passband shape
correction. 

A high-range tuning of the bandwidth is only possible if the
coupling strength is controlled. Our study shows that the latter is
defined by DC biasing conditions of the coupling electrode. How-
ever, the biasing of this electrode and its influence on the structure
behavior haven’t been investigated yet. The DC potential of this
electrode depends on voltages applied to resonators and on the
electrode electrical charge. This charge hasn’t been taken into
consideration up to now. If its value isn’t controlled, a mismatch
may exist between the real and the designed filter performance. 

This paper presents a complete theory of electrical coupling
which takes into account the electrical charge of the coupling
electrode. This theory is applied to design of variable-bandwidth
electrically-coupled micromechanical filters. An original biasing
scheme is used for control the charge of the coupling node and
hence the filter bandwidth. Fabrication and test results of filters
with two and three electrically coupled resonators are discussed in
the paper. 

The article is organized in the following way. In section III (the-
oretical part) a brief review of the basic theory of coupled resona-
tors is given. Then it is shown how to obtain the described
coupling device from the basic close-spacing electrostatic coupler
presented in [10]. Its operation, theory and equivalent mechanical
model are described. Section IV is devoted to the realization and
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testing of filters with the proposed approach. Two-resonator fil-
ters were realized at frequencies of 2.4 MHz and 9.2 MHz. A fil-
ter with three resonators was only implemented at 2.4 MHz.
Experimental and simulation results are presented and compared. 

 III  THEORY OF ELECTROSTATIC COUPLING

A. Theory of coupled resonators

Coupled-resonator filters are built from several identical reso-
nators interacting through a reactive link [12]. Without coupling,
such a system has two pairs of finite conjugated poles situated at
the resonator natural resonance frequency1. Non-zero coupling
between the resonators results in poles splitting around the reso-
nator natural frequency. For example, this happens when RLC res-
onators are magnetically coupled. 

In mechanical filters the coupling link is elastic and generally
realized with mechanical springs, as shown in fig. 1a for the case
of a two resonator lumped-element system [13]. Input and output
transducers needed to interface with electrical-domain signals are
not shown. In the mechanical domain the input value is the force
acting on one of the resonators (or on a mass in the lumped-
parameter representation), the output value is the velocity or dis-
placement of the other resonator (its lumped mass).   

Such a system has two conjugated pole pairs. Fig. 2 shows the
evolution of the corresponding frequencies fp1,2 and fp3,4 when
the coupling strength increases. Pole separation is observed: the
frequency of one of the pole pairs increases whereas the another
pole pair frequency is constant and remains equal to the natural
frequency of the resonators. Thus the center frequency increases
with the coupling. However, in the classical theory of coupled
resonator the coupling link doesn’t affect the center frequency:
the latter remains equal to the resonance frequency of the isolated
resonators. Nevertheless, a classical theory can be used here if we
introduce the notion of individual resonator in the context of filter
which we will call filter individual resonators. They are com-
posed from the original (physical) resonators and from the cou-
pling element. One of them can be put to the fore if one mass of
the diagram fig. 1a is fixed (fig. 1b).        

From the fig. 1b, the natural frequency of the filter individual

resonators f0 is different from the natural frequency fR of the orig-
inal resonators formed by m0, k0 and µ0: 

. (1)
Fig. 2 shows evolution of the filter individual resonator natural

frequency when the coupling spring stiffness increases. Now the
frequencies of the pole pairs are split around f0, in conformity
with the classical model. Thus, the classical theory can be used.

To distinguish the individual resonators from the physical
devices used in the filter (with elements m0, k0 and µ0), we will
call the latter original resonator. 

The coupling factor α is defined as the ratio between the cou-
pling spring stiffness and the stiffness of the filter individual reso-
nators: 

(2)

The frequencies of poles fp1,2 and fp3,4 are expressed as: 

, . (3)

For weak coupling (k0 >> kC), equations (1)-(3) become:

;   ;   ; (4)

From (1) and (4) it can be verified that the center frequency fC
defined as

(5)

for small α coincides with the individual resonator resonance
frequency f0, accordingly to the classical theory. From (4) the dif-
ference between the pole pair frequencies ∆f=fp1,2-fp3,4 becomes 

 , or . (6)

Considering that for a weak coupling , and knowing
that ∆f is of the same order of magnitude as the filter bandwidth,
(6) claims that the inverse of the overall filter quality factor is
approximately equal to the coupling factor. This is only true when

1. We call the frequency of a pole the absolute value of the pole. If 
the system is weakly damped (which is the case of all our resonators), 
it corresponds to the frequency at which appears the maximum of the 
transmission characteristic corresponding to this pole, i. e. the reso-
nance frequency.  

Original resonators

Coupling spring

k0 m0 k0m0kc

Fig. 1. System including two coupled resonators: a) glo-
bal structure, b) structure of a filter individual resonator.
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 and , i. e. for narrow-band filters.  
Modeled by lumped viscous dampers µ0, original resonator

damping is another important parameter after the poles position
which defines the passband shape, in particularly, the passband
ripple amplitude. It can be shown that the maximally-flat pass-
band can be obtained when the coupling factor α is equal to the
inverse of the quality factor of the filter individual resonators.
This value of α is called “critical coupling factor”: at higher val-
ues a passband ripple appears, lower values yield an increase of
transmission loss weakly affecting the passband shape [12], [14].
It can easily be shown that in the case of critical coupling, the
bandwidth of the corresponding Buttherworth filter equals 
times the offset ∆f between the filter passband pole frequencies
[15]. 

In a silicon micromachining technology the elastic coupling can
be implemented with mechanical spring or with electrostatic
transducers. However, the mechanical approach has several draw-
backs: a complex behavior of the coupling element, difficulties of
design and simulation, the impossibility of tuning. In addition,
mechanical coupling is often difficult to use with high-frequency
resonators (>100 MHz). To show it, let consider the following
example. A filter with overall quality factor of 1000 has a ratio of
1000 between the stiffness of individual resonators and the cou-
pling spring. Knowing that , where W and L are the
width and length of a beam [13], the ratio between linear dimen-
sions of the resonator and of the coupling beam should approach
10. A 1.0 µm large high-frequency resonator requires a 0.1 µm
large coupling beam, which can be hard to achieve with conven-
tional micromachining technologies. 

B. Electrostatic coupling principle 

Electrostatic coupling is directly obtained by replacing a
mechanical coupling spring kC with a simple DC biased parallel-
plate capacitive transducer as shown in fig. 3 where input-output
transducers are omitted for clarity. This coupling technique was
used to realize a two-resonator filter in [10] (fig. 4). Being the
starting point for more complex coupling structures, we resume
here the theory of this device.

Since the transducer is biased by a DC voltage, a DC electric
field exists between the transducer electrodes, generating DC
forces on them. Motion of one of the resonators modifies the
transducer capacitance hence generates a variation of the forces
acting on both resonators. A mechanical coupling appears in this
way. In fig. 3 the bias voltages are ground-referenced in order to
avoid dealing with floating voltages. 

Instantaneous force and displacement values f1, f2 and x1, x2 are
related as 

, (7)

where d0 is the initial distance between the transducer elec-
trodes (gap) and S is the transducer area. For small displacements
this equation can be limited and expressed as:

, (8)

where F1, F2, X1 and X2 are the incremental values of the forces
and the displacements, keq equals: 

, (9)

It is easy to see that equation (8) describes a linear mechanical
spring with stiffness keq having end coordinates x1 and x2. Thus, a
capacitive transducer in small-signal displacement mode is equiv-
alent to a mechanical spring and can be used to couple mechanical
resonators. Note that the resonator voltages control both the cou-
pling strength and the resonator natural frequency. Thus an inde-
penden t  t un ing  may  r equ i r e  add i t iona l  (non- s igna l )
transducers [10].

As can be seen from fig. 4, this coupling technique is not suit-
able for implementation of filters with higher number of clamped-
clamped beam resonators, since the coupling transducer is formed
by the walls of the resonating elements which should be placed
close to each other.    

C. Introducing of electrostatic coupling with coupling node

To obtain a more practical structure, let us suppose that an elec-
trically neutral and isolated conductor plane is inserted into the
parallel-plate capacitor (fig. 5a): it doesn’t modify the electro-
static configuration. If the plane is split into two electrically con-
nected planes, we obtain again an equivalent electrostatic system
(fig. 5b), since the electrostatic field is still localized inside the
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S
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a) E1 E2

Fig. 3. Principle of electrostatic coupling. 
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obtained transducers. Thus, the system of fig. 5b behaves in the
same way as the original coupling capacitor (fig. 3), but allows a
free resonator placement. 

The operating on this device is based on the exchange of elec-
trical charge between the transducers of coupler. Therefore, the
coupler is very sensitive to the parasitic capacitances associated to
the common node (later we will call it “coupling node”). To take
it into consideration, the diagram fig. 5b incorporates the parasitic
parallel-to-ground capacitance CP of the coupling node. 

A realization of two-resonator filter with such an architecture
has been shown recently [11]. In the next section we present a
complete analysis of this structure and show how a coupling
strength control can be achieved in such a system. 

D. Charge biasing and device analysis 

In section III.C it was assumed that the coupling node was elec-
trically neutral. To be valid in practice, this assumption requires a
use of a biasing technique allowing a control of the common node
electrical charge (the latter can also be, generally speaking, set to
non-zero values). In this section we propose an original technique
allowing such a control, and analyze the operating of the obtained
device.

A straight way of the common node biasing is the use of a high-
value choke inductor or resistance which connects the common
node to a DC voltage source: nor AC neither DC current would
circulate in this element, the charge of the node would remain
constant. However, high-value inductors or resistors are difficult
to implement in integrated technologies. Off-chip elements are
undesirable because of the tremendous increase of the parasitic
capacitance CP on the coupling node (a high CP results in a dra-
matic loss of the coupling strength [11]).  

We developed a new charge-biasing scheme in which the cou-
pling node is connected to a DC voltage source E12 by a micro-
mechanical switch which is closed only for the time needed to
charge the coupling node transducer and parasitic capacitance CP
(fig. 6). These capacitances are small (~100 fF), so even if the
switch contact resistance (in «on» state) is very high (megohms),
the time constant is very low  and the node sets quickly to E12.
During this setup phase no signal is applied, the resonators don’t
vibrate, the transducers capacitances are at their quiescent values.
After the setup phase the switch is opened (off), the system  can
operate in filtering mode with a non-zero input signal. Since the
node is isolated, the charge of the node remains constant. 

The coupling node charge is defined during the initialization
phase. It depends on all bias voltages (E1, E2 and E12), on the qui-
escent values of the transducer capacitances and on CP. The
switch should be realized in direct neighborhood with the com-
mon node, so to minimize CP. 

The following analysis of coupler operation in filtering mode
assumes that the switch is opened («off»), and that during the ini-
tialisation phase (i. e. closed switch), the static DC voltage of the
coupling node has been set to E12. 

We expose here the principal steps of the device analysis
assuming that E12=0. This doesn’t affect the generality of demon-
stration since such a configuration can always be obtained by an
appropriate choice of the reference voltage level. The analysis
starts from calculation of the coupling node charge (Q0). It is
defined when the switch is closed (setup phase):

v1=E1-E12=E1, v2=E2-E12=E2, v12=E12=0,
 where v1 and v2 are the instantaneous values of transducer volt-

ages, v12 is the instantaneous value of the coupling node voltage.
Thus, the charge of the coupling node Q0 equals the sum of the
charges of these three capacitances:  

, (10)
where C10 and C20 are the quiescent (at x1,2=0) capacitances of

the transducers.   
The operation of this device obeys to the Kirchoff law for the

mesh E1-E2-C2-C1 and to the charge conservation law for the
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m1 m2

k2
c1, v1
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Fig. 5. Evolution of a simple capacitive coupler to a free-placement
neutral common node coupler. v12 is the ground-referenced common
node voltage, v1 and v2 are the capacitance instantaneous voltages.
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common node:

 , (11)

where c1 and c2 are the instantaneous values of the transducer
capacitances. 

From the equations (10) and (11) we can express the instanta-
neous value of voltage v12:

. (12)

The voltages v1 and v2 are directly calculated from (11)a, b and
(12).

From (11)a, b and (12), the relation between the instantaneous
values of forces acting on the resonators (f1 and f2) and the dis-
placements x1 and x2  can be found [15]:

, where , i=1,2, (13)

d10 and d20 are the transducer gaps, S1 and S2 are the transducer
areas. 

A limited development of (13) (similarly with (8)), using  (11)a,
b and (12), gives the following small-signal matrix equation: 

, (14)

where F1, F2, X1 and X2 are the small-signal magnitudes of the
transducer forces and resonator displacements.

Interpretation of the obtained result and corresponding mechan-
ical model are presented in the next section. 

E. Mechanical and electrical model of the coupler 

The matrix equation 

  (15)

describes a lumped-parameter mechanical system including two
mobile nodes (with number 1 and 2). The nodes are linked with
each other and with the fixed reference by elastic links (fig. 7).   

The convention about the spring subscripts is the following: all
equivalent springs associated with the system are designed by the
numbers of the mechanical nodes involved in the system. In addi-
tion, the subscript of a side spring (connected between a node and
the fixed reference) includes twice the number of the node to
which the spring is connected (cf. fig. 7). 

A simple mathematical transformations allow to find the corre-

spondence between the coefficients {γij} of the equation (15) and
model parameters k12, k112 and k122  [15]:  

. (16)

Substituting γij in (16) by the corresponding expressions from
(14) we obtain: 

. (17)

In the mechanical model of fig. 7 the spring k12 realizes a
mechanical coupling between two mobile nodes. As we can see,
its stiffness is controlled by the product of the bias voltages E1
and E2, and not by the square of their difference as it was the case
for the simple one-transducer coupler of fig. 3. Thus the bias volt-
ages control both the absolute value and the sign of the coupling
factor. 

Equations (17) can be simplified if we assume that the parasitic
capacitance Cp is much larger that the transducer quiescent capac-
itance C10 and C20. Thus, assuming that E12≠0 we have:

. (18)

The coupling spring stiffness is inversely proportional to the
parasitic capacitance value, and the side spring stiffnesses are the
same as those generated by parallel-plate capacitive transducers
with the same dimensions and biased to the same voltage as the
coupler transducers [14].
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 IV DESIGN AND REALIZATION OF COUPLED-RESONATOR 
FILTERS IN THICK-FILM TECHNOLOGY

A. Presentation of the individual resonators. 

Fig. 8 shows a simplified isometric view of one of the resona-
tors used in the designed filters. The resonators are implemented
in 15 µm thick epitaxial polysilicon technology. This process uses
a 15 µm thick polysilicon structural layer for active part realiza-
tion and a 0.45 µm thick buried polysilicon layer for anchoring
and interconnection of the structural layer parts. Vibrating beam
and input-output electrodes are realized in thick structural layer;
the beam is designed to vibrate in the fundamental lateral flexural
mode. Detailed information about operation principles and real-
ization of such resonators can be found in [16].

 The technology doesn’t allows the realization of a submicron
transducer gap, necessary to obtain resonators with a reasonable
impedance level (below 100 kΩ). To circumvent this restriction, a
post-fabrication autoassembling gap reduction technique was
developed for these resonators [16]. As can be seen from the
photo of single resonator (fig. 9), the input-output electrodes are
attached to a rigid bar which is joined to a soft spring. All these
elements are released and can move in the lateral plane. A pair of
additional electrostatic transducers (motor transducers) allows,
when biased, to displace the rigid bar so to reduce the signal elec-
trode-to-beam distance (signal transducer gap). This displacement
is limited by the stoppers whose position controls the actual gap
value.  

When a resonator is used (as part of a filter or as independent
device), the gap reducing mechanism should be activated. For this
the electric potential of the motor electrodes should be maintained
at least 25-30 V above the potential of the signal electrodes (or
below, since the force is sensitive to the square of voltage). Note
that the signal electrodes are electrically connected with the rigid
bar, since machined in the same layer. 

Figure 10 presents the measured characteristic «resonance fre-
quency against bias voltage» of resonators having the same geom-
etry as the devices used in the realized filers: a 81.2 µm long
1.8 µm wide and a 41.2 µm long 1.8 µm wide clamped-clamped
beam resonators. From the plots, the intrinsic resonance frequen-
cies (at E0=0) are 2.32 MHz and 10.85 MHz. [8]. 

However, the resonators used in filters exhibited slightly differ-
ent resonance frequencies (2.4 and 9.2 MHz): having identical

designed geometry, they were fabricated in different technologi-
cal runs with some process parameters modified [16].          

Another very important resonator parameter is the motional
resistance (RX). It is equal to the resonator impedance at the reso-
nance frequency. At E0=20 V the 10.8 MHz resonator had a
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Fig. 8. Isometric view of a second-order clamped-clamped beam
micromechanical resonator with electrostatic actuation. 
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Fig. 9. Photo of an electrostatically-driven clamped-clamped beam
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motional resistance of 142 kΩ, whereas the 2.3 MHz resonator
had a motional resistance of 75 kΩ. The motional resistance is
inversely proportional to the square of the bias voltage.                  

B.Filter implementation

The coupling node biasing technique presented in section III.D
was used to implement two and three resonator filters. A three-
resonator filter whose simplified diagram is given in fig. 11a was
designed with 2.4 MHz resonators. Similar structures included
two resonators were designed with both 2.4 MHz and 9.2 MHz
resonators. Photos of one of the realized filters are showed in
fig. 11. Dimensions and main filter parameters are presented in
table 1.   

The electrostatic transducers employed in the realized filters
used the gap reduction mechanism, in order to achieve a submi-
cron gap in all transducers. The gap reduction mechanism should

be actuated all time during the filter operation. 
The micromechanical switch has the same geometry as the gap

reduction motors, with only difference that the contact electrode
gets into mechanical and electrical contact with the common node
when the mechanism is actuated. 

C. Filter modeling  

Filter was modeled with Spectre electrical circuit simulator [17]
in Cadence Design Systems environment. Vibrating elements in
fundamental mode were modeled by their equivalent electrical
networks [14], [18-20]; electrostatic transducers were modeled
with Spectre Analog Hardware Description Language (AHDL)
using classical electrostatic transducer theory [15], [18]. The
parameter values used in the simulation are given in the table 1. 

Fig. 11.  a) Diagram of a three-resonator filter
with electrostatically coupled resonators  using
the charge biasing technique, b) photo of the real-
ized three-resonator filter with 41.2 µm length 1.8
µm width resonators; c) photo of the realized two-
resonator filters with 81.2 µm length 1.8 µm
width resonators. 
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D. Filter dimensioning and tuning issues

The realized filters have the ladder coupled-resonator architec-
ture ,  therefore  they possess  “a l l -poles”  t ransmiss ion
characteristic [12]. The center frequency is roughly determined

by the individual resonator resonance frequency, i. e. by the reso-
nator geometry (the biasing allows only to adjust the resonator
resonance frequency in limits of few percents, as shows the plot
fig. 10). However, the pole distribution in the passband is mainly
defined by the coupling factor between the resonators; the pass-
band smoothing depends on the resonator damping (cf.
section III.A). Both parameters can be set after the filter fabrica-
tion, the first with the appropriate values of the bias voltages E1-
E3, E12 and E23, the second by an appropriate choice of the termi-
nation resistors Rload and Rsource. To obtain the transmission char-
acteristic with given specifications (bandwidth shape, ripple etc.),
a numerical approximation method should be employed in gen-
eral case. For widely used and well-studied filter architectures,
standard design procedures exist which, based on normalized
parameter tables, can be applied to filters with any physics [12].
We present now how to calculate the control parameters of our
structures using such a dimensioning method given in [12] for
ladder coupled-resonator filters.

Dimensioning of a ladder filter composed from L electrostati-
cally coupled resonators (each resonator being coupled with no
more than 2 resonators), with electrostatic transducers at input
and output (fig. 11a) implies three conditions: 

(i) Matching of resonance frequencies of the individual resona-
tors fi with the desired filter center frequency fC. It gives L equa-
tions depending on all bias voltages. For the edge resonators with
subscripts 1 and L, the frequencies f1 and fL are given by: 

, 

i=1, L, (19)
where ki is the stiffness of the electrostatic spring generated by

the input (output) transducer depending on the resonator bias volt-
ages Ei ([14], [16]), k12, k112, k(L-1)L and k(L-1)LL are the stiff-
nesses of the electrostatic springs generated by the edge couplers
depending on E1, EL and on the bias voltages of the edge coupler
transducers E12 and E(L-1)L (cf. eq. (17) or (18)). This formula
express the natural frequency of a resonator with stiffness kr to
which are connected three springs [14]: one formed by the input
or output transducer (kt) and two formed by the coupler which
links this resonator with its neighbor (i. e. one side spring and one
coupling spring).  

For i=2...L-1 (the non-edge resonators) the resonance frequen-
cies are determined by the stiffnesses of the side springs k(i-1)i, 
k(i-1)ii, ki(i+1) and kii(i+1) generated by the couplers adjacent to the
resonators: 

, (20)

 i=2..L-1. This formula is similar with  (19), with only differ-
ence that four springs are connected to a resonator. These springs
are generated by the two couplers. 

This condition generates L independent equations.
(ii) Normalized coupling factors of all couplers should equal

the values ki,i+1norm given in the filter cookbook [12]: 

Table 1: Summary of  the parameters of the tested 
resonators. 

Parameter 2.33 MHz 
filter 

9.2 MHz 
filter

Summary of the resonator dimensions and parameters

Length, µm 81.2 41.2
Width, µm 1.8
Height, µm 15

Vibrating element resonance frequency, 
MHz 2.6 9.6

Resonator stiffness (simulated with Cov-
entor Ware), Nm-1 490.5 3671

Maximal quality factor (low bias voltage) 17000 2500
Designed gap width (when gap reduction 

actuated), µm 0.4 0.2

Effective (extracted) gap width (gap 
reduction actuated), µm 0.629 0.31

Transducer’s length 38.8 18.8
Measured resonator motional resistance at 

E0=20 V, kΩ 37.3 142.3

Absolute resonator resonance frequency 
tuning range f0max-f0min for E0=0..50 V, 

kHz
356.3 472.6

Parasitic parallel-to-ground capacitance 
created by the gap reduction mechanism 

of one transducer, CPT, pF
0.12 

Parasitic parallel-to-ground capacitance 
created by the gap reduction mechanisms 

of common nodes, CPN=CPT×2, pF
0.24

Theoretical electrostatic spring stiffness 
of the coupler at 

(E1-E12)×(E2-E12)=20×20 V2, 

for Cp=0.24 pF / Cp=0,  NV-1

0.279 / 4.32 1.05/16.75

Theoretical coupling factor at 
(E1-E12)×(E2-E12)=20×20 V2 

for Cp=0.24 pF / Cp=0

5.71×10-4/
8.82×10-3

2.87×10-4/
4.56×10-3

Summary of the experimental data
Maximal-to-minimal ratio of the bias 

voltage product (E1-E12)×(E2-E12), V2/V2 
(this ratio is equal to the max-to-min ratio 
of the bandwidth range available with the 

bias voltages used in the experiment)

=

=8.80

=

=8.44

Maximal-to-minimal ratio of the maxima 
frequency offset, Hz/Hz =8.9 =14.9

506V2

57,50V2-------------------- 1417,5V2

168,0V2-----------------------

2479
278------------ 33500

2250---------------

fi fr 1
kt
k0
-------

k12 if i=1
k L 1–( )L if i=L 

 
k112 if i=1

k L 1–( )LL if i=L 
 +

k0
---------------------------------------------------------------------------------------------––⋅ fC≡=

fi fr 1
k i 1–( )i k i 1–( )ii+

k0
--------------------------------------------

ki i 1+( ) kii i 1+( )+
k0

--------------------------------------------––⋅ fC≡=
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, i=1... L-1, (21)

where kii, k(i+1)(i+1) are the full stiffnesses of the individual res-
onators i and i+1, equal to the sum of the vibrating element stiff-
ness and the stiffnesses of the electrostatic springs generated by
the coupler(s) and/or input-output transducers associated with res-
onator i, ki(i+1) is the stiffness of the electrostatic coupling spring
of the coupler which link the resonators i and i+1. 

For an L-resonator filter the (ii) condition generates L-1 equa-
tions. 

(iii) Edge resonators should have the damping prescribed by the
filter synthesis table. This condition allows to determine the val-
ues for the termination resistors. 

, i=1, L (22)

where Qi is the effective quality factor of the resonator i, qi is
the normalized resonator quality factor given in the filter design
table, q0 is the quality factor of the resonating element, Ri is the
external termination resistor, LX and RX are the motional parame-
ters of the resonators. Note that the latter depends on the bias volt-
ages E1 and EL defined from the rules (i) and (ii) [14]. 

The three rules generate 2L-1 equations for 2L-1 bias voltages
and 2 equations for 2 termination resistors. Numerical resolution
of these equations allows to dimension a filter with desired trans-
fer function. An example of dimensioning of a three-resonator fil-
ter will be given in section IV.F. 

E. Test results of two-resonator filter

The designed devices were tested under a 10-1 Torr air pressure,
at which the air damping was neglectable. The filter was termi-
nated by a 1 kΩ resistance at the output and by 25 Ohms resis-
tance at the input. The output voltage was amplified by 10 with a
voltage amplifier. The same test setup was used for the test of the
three-resonator filters. The goal of the experiments was to demon-
strate the voltage control of passband pole frequencies. 

For all tested devices we observed a mismatch of intrinsic reso-
nance frequencies of individual resonators due to fabrication tol-
erances (up to 5 %) [15]. This mismatch was corrected by
adjusting the resonator bias voltages E1 and E2. 

The goal of the first experiment was to demonstrate the evolu-
tion of the filter transmission characteristic with voltage E12. A
family of frequency transmission characteristics was obtained for
2.4 MHz filter using different voltages E12 (fig. 12). Before each
measurement the coupling node was pre-charged with new E12 by
closing the switch; during the measurement the switch was
opened. As it was predicted by the theory (section III.D), the volt-
age E12 controls the offset between the passband pole frequen-
cies. During this experiment the resonator damping remained
constant since neither termination resistors nor air pressure
changed. According to the theory [12], the passband ripple
increases for high coupling factors. A modeling of this experi-
ment results in similar curves (fig. 13). The maximal value of E12
(thus minimal coupler bias voltages E1-E12 and E2-E12) corre-
sponds to the configuration with the critical coupling factor, i. e.

to a Butterworth passband.  

Both the simulation and the experiment show that the filter cen-
ter frequency increases with E12. This frequency drift is generated
by the springs k112 and k122 of electrostatic coupler whose nega-
tive stiffnesses decrease their absolute values when E12 increases
(cf. eq. (18), (19), (20)). 

A similar experiment was carried out with a 9.2 MHz filter,
with the only difference that for each E12 the resonator quality
factor was adjusted by the air pressure in order to yield a Butter-
worth passband shape (fig. 15). The observed loss of transmission
for large bandwidths can be explained by the fact that the resona-
tor damping was realized by an increase of the motional resis-
tance RX rather then by an increase of the termination resistor
values. The high motional resistances of the resonators and the
relatively small load resistor form a voltage divider increasing the
loss in the passband.

Correct impedance matching and filter quality factor control
would required load resistors with values much higher than the
motional resistances (i. e. hundreds kilo-ohms). Such resistors
would be shunted by the parasitic capacitances of the measure-
ment setup (PCB and pad capacitors, total value ~1-2 pF) [10].   

ki i 1norm+,
ki i 1+( )

kiik i 1+( ) i 1+( )

--------------------------------------≡

Qi
2πfCLX
RX Ri+------------------
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q0
-----≡=
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Fig. 12. Family of measured characteristics for different E12 obtained
for 2.4 MHz two-resonator filter.

E12 increases

E2=22.0 V 

E12=14.0 V,
E1=27.2 V
∆f = 426 Hz

E12=2.5 V,
E1=23.85 V
∆f = 1940 Hz

2.366 2.368 2.37 2.372 2.374 2.376 2.378

x 10
6

-100

-80

-60

-40

-20

0

Frequency, Hz

T
ra

ns
m

is
si

on
, d

b

Fig. 13. Family of simulated characteristics for 2.4 MHz filter. Reso-
nator lumped parameters used for simulation: m0=2.14*10-12 kg,
k0=490.5 Nm-1, µ0=3.21e-9 Nsm-1. Transducer parameters are given
in table 1. 
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The second experiment aimed to characterize the tuning poten-
tial of the filter. E12 was swept from zero to its maximal value
(corresponding to the critical value of the coupling factor). Each
characteristic was described by the frequency offset between the
maxima of the transmission characteristic. In this way a plot
“maxima frequency offset against voltage E12” was obtained
(fig. 14). It can be considered that the frequencies of the maxima
coincide with the frequencies of the poles of transmission charac-
teristic. An exception, however, is when the relative maxima fre-
quency offset (∆f/f0) is close to the inverse of the resonator quality
factor, i. e. when the coupling factor approaches its critical value.
In this case the pole frequency offset is larger than the maxima
frequency offset, and at critical coupling factor αcrit the maxima
frequency offset is zero, whereas the pole frequency offset is αcrit
(cf. section III.A). 

Fig. 14 shows the experimental and simulated curves corre-
sponding to the 2.4 MHz filter. As we can see, a continuous tun-
ing of the maxima frequency offset from 278 Hz to 2479 Hz, or
tuning of the bandwidth from 393 Hz to 3506 Hz   (8.9 max-to-
min ratio) is possible. The same experiment with a 9.3 MHz filter
gives a pole offset tuning range of 3-35 kHz (4.24 kHz to
49.49 kHz bandwidth range, max-to-min ratio of 12), as demon-
strated in fig. 15.           

These two plots allows to valid the theoretical analysis we car-
ried out for the filters. From formulae (6) and (18) it follows that
the max-to-min ratio of the pole frequency offset is equal to the
ratio between the corresponding bias voltage products (E1-
E12)×(E2-E12). For 2.4 MHz filter: 

; (23)

whereas ∆fmax/∆fmin= 2479 Hz / 278 Hz=8.9, which is in a
very good agreement with the theoretical value. For 9.2 MHz fil-
ter the bias voltage product ratio is 8.43 whereas ∆fmax/∆fmin=
14.9, i. e. 1.76 times higher. This discrepancy can be explained by
the relatively low quality factor of the 9.2 MHz resonators, which,
when the coupling is weak, yields the pole frequency offset higher
than the maxima frequency offset. However, the frequency offset
values observed on fig. 16 with high coupling, for example, at E12
of  15 V and 0 V, are perfectly conformal to the theory. 

The most relevant information about the filter coupling capabil-
ity is given by the pole frequency offset at the maximal coupling
factor value (which is limited by the maximal bias voltage sup-
ported by the transducers) since it fixes the maximal filter band-
width. The low limit of the bandwidth is fixed by the resonator
quality factor (which is limited by the resonator geometry and
technological parameters) rather than by the coupling factor
(which can easily be reduced). 

F. Three-resonator filter test results

Theoretical study based on the coupled-resonator filter design
tables [12] showed that, in contrast with two-resonator filters, (i)
dimensioning of a regular passband shape three-resonator filter is
not symmetrical regarding to the middle resonator (E1≠Ε3,
E12≠E23, Rs≠Rl) (ii) regular passband shape can only be obtained
with specific filter terminations (with contrast from two-resonator
filters, where equal transmission levels at maxima were observed
even with unsymmetrical terminations) [9]. To find these specific
parameter values, we used the method presented in section IV.D.
We took the known parameters of resonators and transducers
(given in table 1), and we fixed the following target specifica-
tions: Buttherworth characteristic, 2.28 MHz center frequency,
overall quality factor of the filter four times lower than the reso-
nator quality factor (10 000). To fix the control parameter values,
a system of 7 unknowns possessing 6 physically different root
vectors was solved. Table 2 present one of the obtained root set.
These values applied to the Spectre model of the filter gave pre-
cisely the aimed transmission characteristic. All the valid root sets
yielded the same simulated characteristic conformed to the speci-
fications.   

However, in experiment, these biasing parameters didn’t yield a
regular Buttherworth characteristic, mainly because of random
dispersion of the resonator parameters (about 5%) due to fabrica-
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Fig. 15. Family of measured characteristics for 10 MHz filter:
E2=40.0 V, E1 = 40.30 V .. 40.50 V. 
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tion tolerances. Fig. 17 presents three transmission characteristics
of three-resonator filters we observed after manual adjusting of
the bias voltages. They have an irregular passband shape. In fact,
given a big number of the tuning parameters and a high sensitivity
of the characteristic toward bias voltages and toward termination
resistances, also because of parasitic capacitances at input and
output, it was impossible to obtain a correct passband shape by
«trial and error». Issues related to tuning are discussed in the next
section.      

G. Tuning issues of high-order filters

Two parameters can characterize the tuning potential of a high-
order coupled-resonator filter. 

The first is the sensitivity of the resonance frequency of the
individual resonators with respect to the resonator bias voltages
Ei. As we could see in section III.D from (18), a coupler with high
CP creates the same resonance frequency shift as a single trans-
ducer biased by voltage Ei-Ei(i+1). Thus, to estimate the sensitiv-
ity, one can consider the «voltage - resonance frequency»
characteristic of an isolated resonator with the same geometry
biased by E0 (fig. 8). The sensitivity increases with decrease of
the resonator mechanical stiffness and with increase of the cou-
pling between the resonator and the input-output electrodes
(transducing factor). This sensitivity can be defined as: 

, (24)

where f0 is the resonance frequency of a biased resonator ([14],
[16]). As it can be calculated from fig. 10, for 10 MHz resonator,
at 30 volts bias voltage αtun equals 11.4 kHz/V. This value can be
compared to the bandwidth of 10.8 kHz. If a precision of 1%
bandwidth is required for definition of the filter pole frequencies,
voltages Ei should be set with 10 mV resolution. 

The second tuning parameter represents the sensitivity of the
pole frequency offset with respect to the voltage E12. Its value can
be found from the plots fig. 14 and 16. From formulae (4), (6) and

(20), assuming that the resonators have identical geometry and
are biased by equal bias voltages E1=E2=E0, this sensitivity can
be expressed as:     

. (25)

If Cp is high, this sensitivity is much lower than the sensitivity
defined by (24) (this can be seen comparing the slopes of fig. 16
and fig. 10). Nevertheless, as Cp decreases, αdiff increases and
tends to become comparable with αind. 

Practical use of such filters can only be envisioned with auto-
matic tuning system. However, given the number of control
parameters for high-order filters and insufficient knowledge about
the errors on resonator performance, the automatic tuning can be
a very complex and costly task. To simplify the tuning, the nomi-
nal (a priori) parameter values (which can be stored in a look-up
table) should approach the really needed values, so that the tuning
corrects only small remaining errors. To allow a good prediction
of the initial parameter values, the fabrication tolerances should
be minimized, which requires a substantial improve of the fabri-
cation accuracy.  

 V CONCLUSIONS AND PERSPECTIVES

This work demonstrates a new approach to realization of high-
order tunable micromechanical filters employing electrostati-
cally-driven micromechanical resonators. The electrostatic cou-
pling technique frees designers from the problems associated with
mechanical coupling beams such as distributed mass and losses
and restrictions regarding the resonator placement. The original
concept of coupling node biasing allows to control the frequency
of poles and zeros defining the passband shape. This concept is
realized using a novel technique of fixed-charge biasing of the
coupling node. Fixed-charge biasing allows to control the electri-
cal charge of the coupled node without external connection to the
latter, thus minimizing parasitic capacitances and increasing the
tuning range. 

Two fourth-order filters were presented: one with 9.2 MHz cen-
ter frequencies having 10-28 kHz bandwidth tuning range and one
with 2.4 MHz center frequency having 300-2500 Hz bandwidth
tuning range. These devices were implemented in a thick-film
polysilicon technology which was firstly used for high-order
high-frequency bandpass filters.  

Theoretical analysis of the electrostatic coupling is exposed; it
is shown that the demonstrated devices have a high tuning poten-
tial allowing to program the filter pole and zero frequencies.
Physical model of the device has been developed. 

The limits to the demonstrated filter performances, namely, rel-
atively low center frequency and quite high impedance, have been
determined by the properties of the used thick-film polysilicon
technology and not by the technique of coupling. In fact, the pre-
sented concept can be used as well with high-frequency high-
stiffness downscaled resonators. For such resonators, the maximal
available coupling factor α (cf. eq. (2) or (4)) tends to decrease:
small transducer dimensions lead to a drop of the electrostatic
spring stiffness, whereas the resonator stiffness increases (this
increase is due to the geometry and the vibration modes used by

Table 2: Bias voltages and termination resistance 
value for three-resonator filter

E1, V E2, V E3, V E12, V E23, V R1, kΩ R3, kΩ

30.26 -1.98 -45.99 -5.21 -48.90 61.11 8.48
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Fig. 17. Family of measured characteristics for three-resonator
2.4 MHz filter.  
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high-frequency resonators). However, the coupling factor should
at least equal the inverse of the intrinsic quality factor of the reso-
nators (cf. section III.A). To compensate resonator stiffening, the
coupling spring stiffness should be increased. Transducer gap
reduction is the most efficient way to achieve this. We calculated,
that to couple efficiently two 1.14 GHz radial-mode disk resona-
tor presented in [6], having stiffness of 73 500 000 Nm-1, the cou-
pling transducers should have a ~10 nm gap. Although presenting
a technological challenge, such a nanometric transducer gap can
be compatible with very weak-magnitude vibration of high-fre-
quency volume vibration mode resonators. 

Electrostatic coupling is also possible between more than two
resonators, allowing architectures with complex topology. For
example, a T-filter having a characteristic with transmission zeros
in the stopband is possible, as well as multi-stage lattice filters
[12], [21]. Generally speaking, using the charge biasing of high-
impedance signal nodes, all existing architectures based on quartz
or BAW resonators can be reproduced with electrostatically-
driven micromechanical resonators.    

Integrated on silicon with active electronic circuits, exhibiting
low impedance hence needing relatively low matching resistors,
allowing bandwidth reconfiguration — with future SOC technol-
ogy evolution such filters can become attractive alternative to
SAW and quartz filters in RF applications. 
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