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ABSTRACT

A micromechanical filter design technique based on
low-velocity coupling of resonators is described that can
achieve percent bandwidths less than 0.1% without the
need for aggressive, submicron lithography. Using this low-
velocity coupling technique, an IC process limited to fea-
ture sizes no less than 2 µm was utilized to achieve three-
resonator micromechanical filters centered at 340 kHz with
percent bandwidths as low as 0.1% (filter Q’s as high as
800), passband rejections up to 60 dB (the highest reported
to date on the micro-scale), and insertion losses less than 1
dB. In addition, two-resonator 7.82 MHz filters were dem-
onstrated with percent bandwidths of 0.2% and comparable
insertion losses, all within an area of less than 50×50 µm2.

I.  INTRODUCTION

Recently demonstrated high-Q micromechanical band-
pass filters with area dimensions on the order of 50×50 µm2

show great potential as IC-compatible micro-scale compo-
nents for use in the IF (and perhaps RF) stages of compact
communication transceivers [1]. Such filters are comprised
of two or more flexural-mode µmechanical resonators
(each with Q >10,000) coupled by flexural-mode mechani-
cal springs with stiffnesses that largely determine the over-
all filter bandwidth. To date, two-resonator µmechanical
bandpass filters have been demonstrated with frequencies
up to 14.5 MHz, percent bandwidths on the order of 0.2%,
and insertion losses less than 1 dB [2,3]. Higher-order
three-resonator filters with frequencies near 455 kHz have
also been achieved, with equally impressive insertion
losses, and with more than 48 dB of passband rejection [4].
However, to achieve such performance with percent band-
widths less than 0.5%, submicron coupling beam dimen-
sions (down to 0.6 µm) were required to realize sufficiently
compliant coupling springs. Although such dimensions are
achievable by many of today’s production IC processes,
larger dimensions are preferable for better control of abso-
lute tolerances.

This work presents a µmechanical filter design tech-
nique based on low-velocity coupling of resonators, capa-
ble of achieving percent bandwidths less than 0.1% without
the need for aggressive, submicron lithography. The basic
technique takes full advantage of the dependence of resona-
tor stiffness on location, strategically coupling resonators at
low-velocity locations, where resonator stiffness is much
larger than at higher velocity points. The high resonator

stiffness at these locations then allows (for a given percent
bandwidth) the use of stiffer coupling springs, which can be
made larger, using less demanding lithographic technolo-
gies. Both theory and experimental verification are pre-
sented in the following sections.

II.  FILTER BANDWIDTH DESIGN

Figure 1 shows the perspective view schematic of the
three-resonator µmechanical filter used for this work. As
with a previous design [4], this filter features three folded-
beam µmechanical resonators, soft flexural-mode coupling
beams attaching resonators at their folding trusses, differen-
tial capacitive-comb transducer inputs and outputs to sup-
press parasitic feedthrough, and parallel-plate electrodes for
voltage-controlled tuning of resonator frequencies. As will
be described, this design differs from previous versions
mainly in the constituent resonators, which now allow for
variation in coupling point velocity.

Because planar IC processes typically exhibit substan-
tially better matching tolerances than absolute, the constitu-
ent resonators in µmechanical filters are normally designed
to be identical, with identical spring dimensions and reso-
nance frequencies. For such designs, the center frequency
of the overall filter is equal to the resonance frequency fo of
the resonators. The filter bandwidth is determined predomi-
nantly by the stiffness of its constituent resonators (kr) and
coupling beams (ksij), which must satisfy the expression:

(1)

where kij is a normalized coupling coefficient found in filter
cookbooks [5]. Note from (1) that filter bandwidth is not
dependent on the absolute values of resonator and coupling
beam stiffness; rather, their ratio ksij/kr dictates bandwidth. 

As described in [4], in order to accommodate the use of
identical resonators in a µmechanical filter, the dimensions
of the coupling beams must correspond to an effective quar-
ter-wavelength of the operation frequency. Specifically, for
quarter-wavelength coupling, the length Lsij, width Wsij and
thickness h of a coupling beam must be chosen to simulta-
neously satisfy the expressions [4]
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where α=Lsij(ρAωο
2/E/I)0.25, I=hWsij

3/12, and A=Wsijh. For
a given value of film thickness h, and a given needed value
of coupling beam stiffness ksij, (2) and (3) represent two
equations in two unknowns, implying that only one value of
Lsij and one value of Wsij can be used to implement a given
stiffness ksij. If the resonator stiffness is further constrained
to be constant—as was the case for the design in [4]—a sce-
nario could arise where the unique coupling beam width
Wsij that satisfies both quarter-wavelength and filter band-
width requirements is a submicron dimension. Table I illus-
trates this problem for the case of a 455 kHz three-resonator
f i l ter with resonator stiffnesses constrained to be
kr=310  (stiffness at the shuttle mass). Here, submi-
cron dimensions are shown to be necessary for percent
bandwidths (BW/fo) lower than 0.67%. 

III.  LOW VELOCITY COUPLING

To increase the required width of a quarter-wavelength
coupling beam, the value of coupling beam stiffness ksij
corresponding to the needed filter bandwidth BW must be
increased. As indicated by Eq. (1), for a given filter band-
width, an increase in ksij is allowable only when accompa-
nied by an equal increase in resonator stiffness kr. Such an
increase in kr must, in turn, be accompanied by a corre-
sponding increase in resonator mass mr to maintain the
desired filter center frequency. Thus, to maximize flexibil-
ity in attainable filter bandwidth, a convenient method for
simultaneously scaling both resonator stiffness kr and mass
mr, preferably without drastically changing overall resona-
tor dimensions, is required.

One simple method for achieving this takes advantage
of the fact that, in general, the effective dynamic stiffness
and mass of a given resonator are strong functions of loca-
tion on the resonator, as illustrated in Fig. 2 for a classic
folded-beam µmechanical resonator. This is immediately

apparent with the recognition that different locations on a
vibrating resonator move with different velocities, and that
the dynamic mass and stiffness of a given mechanical reso-
nator are strong functions of velocity, given by the expres-
sions [6]

(4)

, (5)

where KEtot is the kinetic energy, and vc is the maximum
resonance velocity at location c on the resonator. As a
result, the dynamic resonator mass and stiffness “seen” by a
coupling beam is a strong function of the coupling location.
Fundamental-mode folded-beam resonators coupled at their
shuttle masses, where the velocity is maximum, present the
smallest stiffness to the coupling beam. Conversely, funda-
mental-mode resonators coupled at locations closer to their
anchors, where velocities are many times smaller, present
very large dynamic stiffnesses to their respective coupling
beams, allowing much smaller percent bandwidth filters for
the same coupling beam stiffnesses.

To conveniently implement low velocity coupling
without substantial resonator design changes, and retaining
coupling at resonator folding trusses, the folded-beam reso-
nators used in Fig. 1 feature ratioed folded-beam lengths, as
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Fig. 1: Schematic of a folded-beam, three-resonator, micromechanical filter with bias and excitation circuitry.

Table I: Coupling Beam Width Requirements*

Percent BW 0.01% 0.1% 0.6% 1%

Req’d Wsij [µm] 0.06 0.28 1 1.32

*For a 455 kHz filter with kr=310 N/m.
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Fig. 2: Schematic of a classic folded-beam µresonator, indi-
cating mechanical impedances at certain points.
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shown in Fig. 3. With this design, the maximum resonance
velocity of the folding truss can be varied according to

(6)

where ωo is the filter center frequency, Xo is the maximum
displacement at the shuttle mass, and β is the ratio of the
outer beam length Ls to inner beam length La. Using (3) and
(4), the effective dynamic stiffness krt and mass mrt seen at
the resonator folding trusses can be expressed as

(8)

(9)

where kri and mri are the effective dynamic stiffness and
mass, respectively, at the resonator shuttle (maximum
velocity point), given by

(10)

(11)

(12)

where E is the Young’s modulus; Mp is the mass of the shut-
tle; Mt, Mba, and Mbs are the total folding truss, inner beam,
and outer beam masses, respectively; and dimensions are
defined in Fig. 3. 

Figure 4 plots the dynamic stiffness (normalized
against effective stiffness at the shuttle mass) at the folding
truss versus β, showing a full six orders of magnitude varia-
tion in stiffness for β’s from 1 to 10. For a 360 kHz filter
with 2 µm-width coupling beams, the stiffness variation
shown in Fig. 4 corresponds to a range of percent band-
widths from 0.69% to 3×10-6%.
Low Velocity Coupling in HF Filters.

As explained in [2], given the general expression for
mechanical resonance frequency ωo=(kr/mr)

0.5, high fre-
quency filters require resonators with much smaller mass.

As a result, the folded-beam resonators used in the filter of
Fig. 1 are inappropriate for HF or higher frequencies.
Rather, clamped-clamped beam resonators, such as shown
in Fig. 5, are more appropriate.

For clamped-clamped beam resonators, low velocity
coupling is very easily achieved by merely moving the cou-
pling location away from the center of the beam, as shown
in Fig. 5. Using a procedure similar to that used to obtain
(8) and (9), expressions for dynamic stiffness and mass as a
function of distance y from the anchor are derived to be

(13)

, (14)

where

(15)

and where ρ is the density of the structure material,
, σn=0.9825 for the fundamental mode, and

dimensions are indicated in Fig. 5. 
Figure 6 plots stiffness (normalized against the stiff-

ness at the center of the resonator beam) versus normalized
distance from an anchor for an ideal clamped-clamped
beam resonator, indicating a six order of magnitude varia-
tion in stiffness for coupling locations Lr/10 to Lr/2 distant
from the anchor. For a 10 MHz filter using 2 µm-wide cou-
pling beams, this corresponds to a range of percent band-
widths from 0.33% to 24%. 

La Ls

Fig. 3: Schematic of a ratioed folded-beam µresonator for low-
velocity coupling applications.
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IV.  EXPERIMENTAL RESULTS

To verify the above formulations, MF and HF µme-
chanical filters using the resonator designs of Figs. 3 and 5,
respectively, were fabricated using a polysilicon surface
micromachining technology [7]. Figures 7 and 8 present
scanning electron micrographs (SEM’s) of the completed
structures, with pointers to major components. The use of
low velocity coupling strategies—ratioed folded-beams in
the resonators of the MF filter and coupling locations close
to the anchors in the HF filter—are clearly seen in the
SEM’s. Design data for each of these filters are summarized
in Table II.

An HP4195A Network/Spectrum Analyzer was used
with a custom-built vacuum chamber [2,4] to measure
transmission spectra for µmechanical filters with various
coupling schemes. Figures 9(a) and 9(b) compare transmis-
sion spectra for two MF three-resonator µmechanical filters
using half- (β=1) and one-fifth-maximum velocity (β=1.63)
coupling, respectively. As indicated in Table II, even
though the filter with half-velocity coupling utilizes more

compliant 1 µm-wide coupling beams, this filter still exhib-
its a larger bandwidth (757 Hz, Qfltr=459) than its fifth-
velocity coupled counterpart, which uses stiffer 2 µm-wide
coupling beams, yet achieves a bandwidth of only 403 Hz
(Qfltr=813). Furthermore, note from Table II that the fifth-
velocity coupled filter was able to closely match the target
bandwidth (within 0.75%), unlike its half-velocity counter-
part, which missed its target by 24.3%. This result can be
attributed to the wider coupling beams of the lower-velocity
coupled filter, which are less susceptible to overetch-
derived process variations than are the thinner beams of the
higher-velocity coupled one. Decreased process susceptibil-
ity is, thus, a major advantage afforded by low-velocity
coupling strategies.

Figures 10(a) and 10(b) compare transmission spectra
for two HF µmechanical filters, one with coupling locations
at the centers of the resonator beams (maximum velocity
coupling), and another with resonators coupled at an
anchor-to-location distance equal to one-tenth the length of
the resonator beams. Although the bandwidth of the maxi-
mum-velocity coupled filter was too large to allow proper
termination of the filter [2,4], the difference in bandwidth
between the two is clearly seen. However, as seen in
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Fig. 7: SEM’s of a fabricated ratioed folded-beam micromechan-
ical filter. (a) Full view. (b) Enlarged partial view.
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Table II: Micromechanical Filter Design Summary

Parameter MF Filters HF Filters

Coupling Loca-
tion

vmax/2
(β=1)

vmax/5
(β=1.63)

Lr/2 Lr/10

Des.BW [Hz] 1000 400 950k 1,300

Meas.BW [Hz] 757 403 340k 1,738

BW/fo [%] 0.22 0.088 9.5 0.13

 mr [kg] 1x10-10 8x10-10 6x10-13 4x10-11

 kr [N/m] 1,239 6,618 2,347 166,000

Lsij [µm] 74 95 20.4 20.4

Wsij [µm] 1.2 2 0.8 0.8

ksij [N/m] 1.76 3.76 163 163
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Table II, there are sizable discrepancies between designed
and measured bandwidths for the HF filters, irrespective of
coupling location. These anomalies can be attributed, first,
to process variations (given that both used submicron cou-
pling beam widths), and second, to uncertainty in specify-
ing exact coupling locations due to the finite width of the
coupling beams.

It is noteworthy to mention that the measured data in
Figs. 9 and 10 illustrate not only the effectiveness of low-
velocity design techniques in achieving smaller percent
bandwidths with improved accuracy, but also the impres-
sive frequency response performance of µmechanical filters
in general. In particular, Fig. 9(b) shows a filter response
with a Q of 813, stopband rejection in excess of 60 dB, and
an insertion loss of only 0.6 dB. Such performance rivals
that of many macroscopic high-Q filters, including crystal
filters, which are some of the best available.

V.  CONCLUSIONS

A low-velocity coupling technique has been shown to
greatly extend the range of percent bandwidths achievable
by surface-micromachined, polysilicon µmechanical filters
operating at both MF and HF frequencies. Using low-veloc-
ity coupled designs, filters with minimum feature sizes of
2 µm were demonstrated with percent bandwidths of less
than 0.1%—a performance mark previously achievable
only with submicron coupling beam dimensions. Due to
decreased susceptibility to etch-derived planar process vari-

ations, fabricated low-velocity coupled MF filters were fur-
ther shown to match designed bandwidth targets better than
their high-velocity coupled counterparts. However, discrep-
ancies in designed versus measured bandwidths were still
present for HF filters, even after low-velocity coupling.
Although these can be attributed largely to process varia-
tions, they may also be caused by difficulty in specifying
exact coupling locations on clamped-clamped beam resona-
tors by finite width coupling beams. Aside from this, how-
ever, low-velocity coupling remains an effective design
method for achieving greatly improved bandwidth flexibil-
ity and accuracy in micro-scale mechanical filters.
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folded-beam MF filters. (a) Half-maximum velocity
coupled. (b) One-fifth-maximum velocity coupled.
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