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ABSTRACT

A 550 kHz CMOS micromechanical bandpass filter, is
designed using a parameterized cell library, "NODAS,"
for schematic representation and behavioral HDL simula-
tion. The filter employs a unique resonator and coupling
spring structure implemented in a CMOS-MEMS technol-
ogy. As an alternative design method, an equivalent
SPICE model is derived for the filter. Frequency response
around the filter passband from SPICE simulation matches
that from NODAS simulation to within 2%. Compared to
an equivalent SPICE model methodology, the NODAS
methodology enables convenient composition and simula-
tion of complicated MEMS. The experimental result of the
fabricated device shows that the center frequency and
bandwidth match NODAS simulation to within 3%, which
provides component level validation of the NODAS-based
MEMS design methodology. Nonideal effects such as man-
ufacturing variations are also simulated and discussed.

INTRODUCTION

Bandpass filters are key components of transceivers in
communication technology. Conventional physical imple-
mentations of bandpass filters are based on mechanical
devices such as crystal resonators, or electronic devices
such as transistor LC circuits. Mechanical resonators have
high quality factors, but can only be interfaced with elec-
tronics at the board level, limiting miniaturization and
transceiver performance. Electrical devices can be inte-
grated, however, the performance of electronic filters is
restricted by the limited quality factor of the electronics.

IC-compatible surface micromachining fabrication
technology provides a potential solution to this problem.
High-Q mechanical resonators can be implemented on-
chip [1] [2] and integrated with electronic interface cir-
cuits, forming miniaturized, high-performance Micro-
electromechanical Systems (MEMS). To date, micro-
mechanical bandpass filters, with center frequencies rang-
ing from 300 kHz to 35 MHz, have been successfully
implemented using a polysilicon IC-compatible surface
micromachining fabrication technique [3].

In this paper, the devices are fabricated in a CMOS-
MEMS technology in which microstructures are obtained
by post-process release following conventional CMOS IC
fabrication [4]. Figure 1 shows the main steps of this pro-
cess. In this process, the microstructures are fabricated
simultaneously with the electronics. The metal-3 layer has
three roles: as the structural mask during release, as a pro-

tection mask for electrical circuits outside of mechanic
structures, and as the electrical wiring on top of th
mechanical structures. The conservative design rule sp
ing between mechanical and electrical parts is about
µm, which is less than other IC-compatible surface micr
machining processes. Moreover, this CMOS-MEMS pr
cess allows microstructures consisting of multip
conductive layers, enabling more flexible electrical co
nectivity. To take advantage of this characteristic, differe
tial electrostatic comb drives are employed in th
presented bandpass filter design. Compared to conv
tional single-finger interdigited comb drives, differentia
comb drives have higher sensitivity in capacitance chan
Therefore, they are more efficient in electrostatic drivin
and sensing.

The micromechanical bandpass filters are syste
composed of multiple resonators, coupling networks, a
electrical interface circuits. They involve physical interac
tions between mechanical and electrostatic domai
Appropriate MEMS CAD tools are needed to handle th
design and multi-domain simulation of such complicate
systems.

Mature FEM simulators, such as ABAQUS, are
good for mechanical design, but do not support simulati
in the electrical domain. Novel CAD tools such as MEM
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Figure 1: CMOS-MEMS process (a) CMOS chip after
fabrication (b) anisotropic RIE removes dielectric (c) isotropic
RIE undercuts silicon substrate
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CAD can handle electrostatic simulations, but do not
consider electrical circuits simultaneously with electro-
static simulation. Equivalent SPICE models based on cir-
cuit analogies of mechanical devices have previously been
used for co-simulation of mechanical device and electron-
ics for the filter system [1]. However, since variables,
devices and effects in mechanical domain are not repre-
sented in their native natures, the constitution of equiva-
lent SPICE models inevitably involves approximations
and much effort.

In this paper, we present a design methodology for
micromechanical bandpass filters based on behavioral
models of mechanical elements, which uses the inherent
advantage of behavioral models in multi-domain modeling
and simulation.

The tool we used is NODAS (NodalDesign ofActua-
tors andSensors). It is a hierarchical cell library for behav-
ioral modeling and nodal simulation of MEMS [5]. The
NODAS cell library consists of symbols and models of
elements commonly found in suspended MEMS design,
such as anchors, beams, plates and electrostatic comb
drives. These symbols can be wired together to quickly
compose a MEMS schematic. Lower level components
(e.g., a resonators) can serve as building-blocks for higher
level schematics of more complicated systems, like filters.
Each element in NODAS has a parameterized behavioral
model, written in the Verilog-A Analog Hardware
Description Language [6]. In this paper, simulation of the
entire filter system is done using Cadence’s Spectre, in
which co-simulation of electrical circuits is supported.

Figure 2 shows a simple cantilever beam as an exam-
ple of a NODAS schematic [5]. NODAS behavioral mod-
els are lumped parameter models. The behavior of the
beam is lumped at its two ends. At each end, there are two
groups of nodes:δx, δy, δθ are translational and rotational
nodes, andv is the electrical node. For electrical nodes,
voltages are across variables, and currents are through
variables. For mechanical nodes, translational and rota-
tional displacements are across variables, forces and
torques are through variables. The beam model is geomet-
rically parameterized to allow the user to specify size and
orientation of each beam instance. A set of technology
constants associates the models to a specific fabrication
process. By connecting the beam to an anchor element,
which specifies the attachment to the substrate, the sche-
matic for a cantilever beam can be easily composed.

In this paper, we first present the topology of the filter
in section 2. Then an equivalent SPICE model of the filter
is developed in section 3, followed by a comparison of fre-
quency responses from SPICE simulation and NODAS
simulation. Simulation of nonideal effects such as manu-
facturing variations are further discussed in section 4. Sec-
tion 5 presents the experimental result of the filter, with
comparison to the NODAS simulation result.

FILTER TOPOLOGY

The maximum resonant frequency achievable b
micromechanical resonators is limited by many factor
For example, the effective finite mass of mechanic
springs limits the maximum resonant frequency, and t
minimum gap between fingers due to process design ru
limits efficient electrostatic actuation of stiff microstruc
tures. Thus, the application feasibility of micro-resonator
in RF regions is still being studied. However, sinc
microresonators working at 10 kHz to 1MHz are very sta
ble and reliable, the IF region is a suitable applicatio
area. Our bandpass filter example is designed to be c
tered at 550 kHz, which is a typical value for IF applica
tions.

The bandpass filter presented is composed of thr
identical resonators, each resonating at 550 kHz, coup
by springs. Figure 3 shows the operating principle of th
type of mechanical filter.

According to the analysis of coupled resonators [7
all the adjacent resonators vibrate in phase at the low
natural frequency, and 180 degrees out of phase at
highest natural frequency. Resonances between the low
and the highest natural frequencies have displacement p
terns where a resonator may be in phase, out of phase
stationary with respect to its neighbor. The filter in thi
paper has three resonant modes, as shown in Figure 3
The three resonant peaks scatter around the resonant
quency of a single resonator, forming a passband shown
Figure 3(b). The location and spacing of the three pea
are determined by the stiffness of the coupling spring
Therefore, the coupling springs can be designed to obt
the desired center frequency and bandwidth.

Figure 2: An example of NODAS cells, (a) a cantilever beam
(b) the NODAS schematic of cantilever beam.
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Figure 3: Three resonance modes(a) and
peaks(b) of the mechanical filter system
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The topology of the filter presented in this paper is
shown in Figure 4, which is the schematic of the filter cre-
ated in Cadence using NODAS cells. Both mechanical
structures and interface circuitry are included.

Each of the three resonators is composed of a center
proof mass, crab-leg springs, and differential electrostatic
comb drives (for actuating and sensing). Figure 5 shows
the electrical connectivity inside the driving resonator. The
stator fingers are connected to the input voltage Vin with

DC bias at 0 V, and the rotor fingers are differentially DC
biased at V+ and V-, therefore, the fingers theoretically
will have no DC position offset. When a sinusoidal voltage
is applied to the stator fingers, electrostatic forces will be
generated to actuate the suspended microresonators. In
this design, the comb fingers consist of a stack of three
metal layers and a polysilicon layer. These layers are elec-
trically connected to the same voltage. This construction
maximizes the active sidewall area of capacitance, there-
fore, the electrostatic forces are maximized.

The coupling spring topology employed in this design
is named an “O” spring, as shown in Figure 4. The springs
are composed of beams with metal-2 and metal-1 only, in
order to obtain softer springs, and therefore, narrower
bandwidth. The three resonators resonate in x-direction,
and are coupled at the center plates of each resonator.

EQUIVALENT SPICE MODEL

System level simulations of micromechanical filter
was previously done using equivalent SPICE models [1
To study the use of the equivalent SPICE models as
alternative design methodology, a SPICE model for o
filter design is developed.

The circuit analogy of the filter system is based o
representing a mechanical resonator as an ideal seco
order system, composed of a lumped mass, a spring, an
damper. The series equivalent circuit of the resonator a
shown in Figure 6. The analogy relations are given
Table 1.

Using the resonator as a building block, and assumi
the coupling springs are ideal, massless springs w
spring constants ofK12 andK23 in the expected resonant

modes, we can constitute the mechanical schematic of
filter system as shown in Figure 7(a). The equivalent c
cuit of the filter in series analogy is shown in Figure 7(b
where the coupling capacitors are analogous to the co
pling springs.

The mechanical-electrical analogy can be seen in t
transfer functions of the mechanical system (Figure 7(a
in the frequency domain:

Figure 4: Schematic of the micromechanical bandpass filter
in NODAS.
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Figure 5: Electrical connectivity of the driving resonator.
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Figure 6: (a) Diagram of a second-order system,
(b) Equivalent circuit (in series analogy)

mechanical electrical analogy

force     F(s)  voltage V(s) = F(s)

velocity U(s) = s X(s)  current  I (s) = U(s)

mass = M  inductor = L = M

spring = K  capacitor = C = 1/K

damper = B  resistor = R = B

Table 1. Analogy between mechanical and electrical domain
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(3)
and the transfer functions of the electrical system (Figure
7(b)) in the frequency domain:

(4)

(5)

(6)

Applying the analogy shown in Table 1 to Eq (4)-(6),
and comparing to Eq (1)-(3), we find that the coupling
capacitors are:

C12 = 1/K12   , C23 = 1/K23,

The equivalent RLC values are the same as those used
in the equivalent series circuit for a single resonator (Fig-
ure 6). In our design, the three resonators are identical, and
so are the coupling springs. Thus,
R1=R2=R3=R=B, L1=L2=L3=L=M, C1=C2=C3=C=1/K,
C12 = C23 = Cij = 1/Kij .

Kij is the effective spring constant of the coupling
structure in the expected resonant mode. It is obtained
through NODAS simulation in our design. It can also be
extracted by finite element analysis.

We see that the SPICE model is a lumped parameter
model, as are the NODAS models, but the SPICE model is
lumped at the device level, instead of a lower, element,
level. Therefore, if the topology of the resonator or the
coupling springs are changed, or if the geometric parame-
ters of any component are changed, the effective lumped
parametersM, B, K,andKij will need to be rederived. This
procedure is cumbersome, especially for little understood
topologies. However, in NODAS, since each atomic com-
ponent (e.g., beam, plate.etc.) has a parameterized behav-
ioral model, we can easily change the geometric
parameters or the connectivity of element instances to
simulate a new structure with updated sizes or even
updated topologies without re-analyzing the new structure
theoretically.

The equivalent SPICE model shown above doesn’t
model the comb drives. Effect of simple interdigited comb

drives can be linearized and added into the SPICE mo
[1], but for more complicated cases such as differenti
comb drives, linearization is not easy to implemen
Therefore, when we compare the SPICE simulation to t
NODAS simulation, output stage current is chosen as t
output variable, which is analogous to the velocity of th
output resonator in the mechanical schematic, as shown
Table 1.

SIMULATION RESULTS

1. Simulations in NODAS and SPICE
As mentioned above, the equivalent SPICE mod

represents the mechanical resonators as second-order
tems of lumped parameters M, K and B, and represent
coupling beams as massless ideal springs with spring c
stantKij . Therefore, when we compare the simulations

NODAS and SPICE, all the beams in NODAS schemat
are set to be massless.

Figure 8 shows the frequency response of the filte
We can see that NODAS and SPICE results match clos
to within 2%. Theoretically, they should be identically th
same. The slight difference is due to numerical error
calculating the effective M, K, B andKij .

2. Finite-Mass Effect of Beams
In reality, both crab-leg and coupling beams hav

finite masses, instead of being massless. The finite mas
of crab-leg beams will shift the center frequency of the fi
ter and thus affect coupling. The mass of coupling beam
will add to the effective mass of adjacent resonators so
to shift resonant frequencies and cause passband dis
tion. Although the theoretical formula of the effective
mass can be derived for the crab-leg springs, such a d
vation is cumbersome and may require more effort f
other new resonator topologies. Calculating the effecti
mass of coupling beams requires even more effort.

In NODAS, lumped parameter models are at the la
out-based element-level (beams), instead of device-le
(resonators). Thus, issues like finite mass of beams
inherently considered. Figure 9 compares NODAS simul
tion results with and without coupling beam mass. The fi
ter center frequency is decreased by 4% due to the eff
of beam mass.
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Figure 7: (a) Mechanical schematic of the filter with lumped
parameters, (b) Equivalent circuit of the filter with coupling
capacitor network.
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Figure 8: Frequency-domain simulation in NODAS
and SPICE, showing bandpass characteristic in air
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3. Electrical Spring Softening Effect
In the comparison between NODAS and SPICE, the

input corresponded to the comb force and the output to the
proof mass velocity due to a lack of SPICE comb model.
Actually, both the input and output of the filter system are
voltages. Figure 10 shows the velocity of the output reso-
nator when input is force, and the velocity and output volt-
age when input is an AC voltage across the electrostatic
combs of the driving resonator. The DC bias is +/-20 V.

When the input of the filter system is changed from a
force source to a voltage source, the frequency response of
the filter decreases by 1.6 kHz. This change is due to the
electrical spring softening effect of the comb drives since
the electrostatic forces are always attractive and therefore
the combs act as springs with a negative spring constant.

Figure 10 also shows the output voltage of the inter-
face circuit, which has the same frequency characteristic
as the velocity output, but a different amplitude. In the fol-
lowing discussion, the filter output will refer to the output
voltage of interface circuit.

4. Manufacturing Variations
In addition to the finite mass effect of beams, there are

several other factors which can cause a shift of center fre-
quency and change of bandwidth. The most common and
inevitable nonideal factor is manufacturing variation.

Manufacturing variation will arise in lithography dur-
ing CMOS batch fabrication, and in post-CMOS etching
as well. Geometric sizes including the width of beams and
comb fingers, the size of plates, and the thickness of
microstructures, will all vary from the design values, so as

to cause variation in resonant frequency and performan
of entire filter system. Assuming the variation in eac
dimension is correlated, Table 2 shows the center fr
quency and bandwidth of the nominal case and cases w
a +0.05µm and a -0.05µm variation. Figure 11 shows the
frequency response of the filter for those cases. All th
beams are simulated with finite mass, for a more accur
representation of the system. The variation results in
center frequency variation ranging from 532 kHz to 56
kHz, and bandwidth ranging from 88 kHz to 96 kHz. Th
bandwidth is mainly determined by the stiffness of cou
pling springs. The softer the coupling spring, the smaller
the bandwidth.

Since the electrical spring softening effect of th
comb drives affects the resonant frequency of the stru
ture, it can be used as a frequency tuning technique
compensate manufacturing variations. Figure 12 sho
that by changing the bias voltage from +/-20 V to +/-2 V
the frequency response of the case with -0.01µm variation
can be corrected back by +1.4 kHz. Besides, since t
comb fingers are not dedicated to tuning only, the outp
voltage amplitude is decreased by 40 dB with the decrea
of bias voltage. To compensate bigger variation, extra tu
ing fingers or smaller gaps between fingers are needed

Figure 9:  Effect of finite masses of coupling beams

Figure 10: Different input/output variables in NODAS (a) output
velocity when input is force; (b) output velocity when input is
voltage; (c) output voltage of output interface circuit when input
is voltage.

504.8 kHz 503.2 kHz

a

b

c

Figure 11: Simulation of Effect of manufacturing variations
(correlated variation for all beams, plates and fingers)

nominal

δ (µm) fc (kHz) BW (kHz)
0 550 92

+0.05 566 96
-0.05 532 88

Table 2. Simulation data for manufacturing variations

after tuning
(+/-2V)

before tuning
(+/-20V)

nominal
(+/-20V)

Figure 12: Effect of electrical spring softening
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EXPERIMENTAL RESULTS

Figure 13 shows the SEM of two released filters and
the close-ups of the differential comb drive and “O” cou-
pling spring. The device is tested in air, with bias voltage
at +/-20V. Figure 14 shows the frequency response of the
entire filter system (output voltage of interface circuit),
with comparison to simulation. The comparison shows
that NODAS nominal simulation result matches the exper-
imental results to within 3%. And the simulation result
with an variation of 0.035µm due to overetch matches
even more closely to the experimental results, which is a
reasonable estimation of existing overetching.

CONCLUSIONS

A micromechanical bandpass filter, centered at 55
kHz, with a bandwidth of 92 kHz is designed, usin
NODAS for schematic representation and behavioral HD
simulation.

Compared to the linearized equivalent SPICE mode
the NODAS methodology has advantages of easy comp
sition and simulation iteration of complicated multi
domain systems, and of nonlinear modeling. Sinc
NODAS models are layout-based element-level lump
parameter behavioral models, effects existing in re
device elements, including finite mass of beams, electric
spring softening, and manufacturing variations are inhe
ently modeled. Moreover, the NODAS cell library enable
hierarchical simulation of systems more complicated th
the bandpass filters, for which the equivalent SPICE mo
els may be cumbersome to obtain.

Comparison of experimental results to simulatio
results validates NODAS models as a design tool for su
pended MEMS. The designed bandpass filter is oriented
application in the IF region. However, device performanc
such as bandwidth and passband ripple need to
improved for practical applications, which requires furthe
exploration of effective Q-adjustment and frequency-tu
ing techniques.
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