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ABSTRACT

For a microelectromechanical (MEM) filter a new ap-
proach for the coupling spring design is presented. A
designed MEM bandpass filter consists hereby of two
laterally driven resonance structures which are coupled
by a mechanical spring. For this structure an electrical
equivalent circuit is presented and analyzed analytically.
The transfer function and the correlation between the
bandwidth and the coupling spring for this filter are de-
rived. A complete design procedure for micromechani-
cal bandpass filters is presented with simulation results.
With changing design parameters the filter response has
been demonstrated to be maximally flat as in the case
of Butterworth-Filters, or to have a response allowing
a wider bandwidth than in the former case. Both of
these cases are studied theoretically and simulated for
the same frequency range. In respect of the insertion
loss value, a modified source and load resistance is ap-
plied which keeps it under 1 dB.

Keywords: MEMS, resonator, bandpass filter, cou-
pling

1 INTRODUCTION

Laterally driven MicroElectroMechanical (MEM) res-
onator based filters are considered as potential replace-
ments of prevalent tank circuits due to their very high
quality factor and the chip integration compatibility.
Presently, these MEM filters are incompatible for the in-
dustry as compared to their off-chip counterparts which
have obtained industrial standard due to proper inser-
tion loss and bandwidth. However, MEM filters have
been demonstrated to have a very high quality factor (as
high as 80000 under vacuum [1]) which allows greater
selectivity. Micromachined bandpass filters have been
demonstrated both in high frequency (e.g. 14.5 MHz [2])
and intermediate frequency regions (e.g. 455 kHz [3])
with achieved bandwidths in the order of 0.2% and 0.09%
respectively. The insertion losses were as small as 1 dB.
For these designs both the coupling spring and the in-
sertion loss should be taken into account. The design of
MEM filters follow a cook book approach in which the
coupling spring coefficient kspring and the quality factor
Q are taken from ready tables [4].

A bandpass structure based on two coupled resona-
tors is investigated. Hereby both resonators are identi-
cal. This requirement complies with preferable practical
implementations of planar IC processes [3]. In this pa-
per a new approach for the coupling spring design will
be presented. The circuit theory approach utilizes an
electrical equivalent model of the resonators linked with
mechanical parameters as formulated previously in [5].

2 COUPLING SPRING DESIGN

2.1 The Electrical Equivalent Circuit

Mechanical bandpass filters are obtained by coupling
e.g. two resonators through a spring. Figure 1 shows
a 3-dimensional view of the designed MEM bandpass
filter. An AC signal is applied at the drive electrode and
the resulting response is detected at the sense electrode.
Two identical resonators are coupled with one tether
spring Cspring-
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Figure 1: The 3-dimensional view of a mechanically cou-
pled bandpass filter

drive electrode

An electrical equivalent representation has been eval-
uated in [5] to model the mechanical components. Fig-
ure 2 depicts the electrical equivalent circuit. Each series
LC tank circuit corresponds to an identical resonator.
The coupling spring corresponds to the capacity Cspring-
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Figure 2: The electrical equivalent circuit

The resistance Ry depends strongly on the atmo-
spheric pressure. With decreasing pressure R, decreases
as well as the quality factor increases.

2.2 Mechanical and Electrical
Equivalent Representation of the
Coupling Spring

The relation between the coupling spring stiffness
kspring in the mechanical design and the capacitance
Cspring in the electrical equivalent circuit is provided by
the following Equations (1) and (2) [6].

ac)2
kspring = 772 = (Ubias . %) (1)
pring Cspring Cspring

3
Wspri
kspring = 2-E- hspring . (Zs:ﬁ) (2)

whereas kspring is the stiffness constant, Upias is the
applied DC voltage, 8C/dz is the differential change
in the coupling capacitance per displacement, hspring,
Wspring aNd fspring are the height, the width and the
length of the mechanical spring, respectively and Cspring
is the value for the coupling capacitance in the equiv-
alent circuit. E is a constant known as the Young’s
modulus and taken as 150 GPa in this study.

As seen in Equation (1) Kspring is inversely propor-
tional to Cspring- The stiffness constant can therefore be
taken as a coupling factor as shown in the next section.

For the coupling spring design the circuit analysis
yields a design criteria for Cspring. Then kgpring can
be computed by using Equation (1). The found value
for Espring is substituted in Equation (2) and the spring
length £spring can be calculated. The calculation of £spring
is based on pre-defined values for the structural thick-
ness Aspring and the spring width wspring which are tech-
nology dependent. In this study hgpring and wspring are
set to 2 um and 3 pm respectively.

2.3 Filter Bandwidth

In order to find a relation between the coupling spring
capacitance Cspring and the 3 dB bandwidth BWs4p of

the filter only the LyCx tank circuits with Cipring are
being considered. The value of Ry is firstly neglected
to keep the equations simple by assuming Ry ~ 0. The
equivalent circuit then simplifies as presented in Fig-
ure 3.

I, I
Ly -

Figure 3: The simplified electrical equivalent circuit

The circuit analysis of this equivalent circuit yields
the following set of equations.

1

R e @

xUx

1
Xx = wLx - wa (4)
Bspring = wcspring (5)
— 1 _ WresLx _ _}_ &
Qe - wresRCx - R - R Cx (6)
BW, = ge: "
1
H(HIP = S (8)
1 + [E%m + % + sz fgrins]

whereas wres is the angular resonance frequency for
one series resonance circuit, X, is the reactance of the
resonance circuit, Bspring is the capacitive susceptance
of Cspring and Qe is the loaded quality factor of the res-
onance circuit due to R. Furthermore, BW, is the 3 dB
bandwidth of one resonance circuit. Here, the trans-
fer function H(f) = Uz /U is conveniently presented as
the squared magnitude |H (f)|* and corresponds to the
power transfer function.

To derive the 3 dB bandwidth BW34p of the band-
pass filter the abbreviations k as the coupling factor and
the normalized frequency deviation v [7] are defined as
followed.

1 1

K = = 9
RBspring RwCspring ( )

y = s Y (10)
w Wres

Hence the power transfer function can be written in
terms of k and v as
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By the inspection of Equation (1) and Equation (9)
the coupling factor x for the electrical circuit and the
coupling coefficient kspring for the mechanical structure
are directly corresponding. For x < 1 it is an under-
critically coupled filter, for K = 1 or & > 1 the filter is
critically or overcritically coupled respectively. Consid-
ering low insertion losses only the two latter mentioned
cases are of interest.

The coupling factor « can be considered frequency
independent within the small filter bandwidth. Also by
using the Taylor expansion to simplify the normalized
frequency deviation v, the relationship between the 3 dB
bandwidth BW3g4p of the bandpass filter and the cou-
pling factor « is

BWsgp = %\/ kK2+2k—1 (12)

e

The 3 dB bandwidth BW3g4p is deﬁned_ at those fre-
quency points when the voltage amplitude is 3 dB lower
than the maximum voltage Unax as depicted in Figure 4.

Umax

<

r

BWs4s

1HT(f) [dB]

frequency [Hz]

Figure 4: Definition of the 3 dB bandwidth

Figure 4 shows the case for an overcritically coupled
bandpass filter (xk > 1). As the bandwidth increases
the saddle point Uy, decreases until Uy = Upax/0.707.
This condition entails the maximum allowable band-
width. Solving Equation (11) in respect to the saddle
point yields the range for the coupling factor and for the
bandwidth.

< 1+vV2 (13)

1 < K

V2-BW, < BWsgs < 3.108-BW. (14)

Unm
-------------------- Unmax/0.707

3 SIMULATION

With a commercial simulation tool several simula-
tions are performed to verify the design of mechanically
coupled bandpass structures using the above method.
The simulation results for two cases (k = 1 and & =
3.108) at about f = 840 kHz are presented in Figure 5,
and Table 1 shows the summarized simulation data.

8305 840.0 840.5 841.0 841.5
frequency [kHz]

Figure 5: Simulation result for the critically and over-
critically coupled filter at f = 840 kHz

Table 1: Summary of the simulation data

fm K BWsqs C'spring espring

[kHe] [Hz/% ] [fF] | [wm]

840.30 1 243.5 /0.0290 | 1.62 364
840.55 | 3.108 | 728.0 / 0.0866 | 0.673 271

with R = 12.0 MQ
R, = 116.54 MQ
L, = 78875 H
Cx = 4.54851071°F

For these two presented cases reasonable coupling
spring lengths £spring are obtained by using the method
established in Section 2.3. The percentage bandwidth is
defined as BW34p/ fm - 100%. Further necessary values
are the bias voltage Upias = 35 V and 8C/dz = 2.59 -
10~° F/m.

The insertion loss (IL) is —26 dB which corresponds
to a power loss by the factor of 400. It is of notable
significance and is treated in the forth coming section.

4 INSERTION LOSS

The insertion loss is very high due to the high value
of the ratio Rx/R. Normally the MEM structures are
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operated in vacuum which means that the value of Ry
decreases drastically. Typical values are then R, =
500 k2 [5]. Reasonable low insertion losses of less than
1 dB can be obtained when R > 20- R,. Hence it must
be guaranteed that the source and load resistance val-
ues are higher than R, of the filter. For instance, the
required high source and load resistances can be real-
ized by a current source and an electrometer amplifier
respectively. Figure 6 shows the reduced insertion loss
for R = 20 MQ when the structure is operated under
vacuum.
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Figure 6: Simulation result for the overcritically coupled
filter at f = 840 kHz with R = 20 MQ

It is seen that the insertion loss is now less than
0.5 dB. Since the source and load resistances are changed
also the coupling spring value Cspring has to change in
order to keep the filter coupling constant. The new value
for Cspring is 3.9 fF whereas the values for Ly and Cx
are the same. Summarized are the data in Table 2.

Table 2: Summary of the data for low insertion loss

fm K BW3q4B C'spring IL
(kHz] (Hz/% ] [fF] [dB]
840.32 | 3.108 | 84.0 / 0.010 | 390 | <0.5dB
with R = 20.0MQ
R, = 500k
L, = 78875H
Cx = 4.5485-1071°F

Due to the lower value of R + Ry in respect to the
previous case the bandwidth is smaller. The center fre-
quency is slightly lower.

5 CONCLUSION

A new method of mechanical coupling spring design
through its electrical equivalent circuit model is estab-
lished and linked with important filter parameters, e.g.
the bandwidth and insertion loss. The advantage of
this technique can be fully employed for the cases when-
ever flexible bandwidth control is part of design crite-
ria. The design is carried out in the electrical domain
which assists the fine-tuning of Cpring to meet the band-
width requirement after which the circuit is optimized
for reduced insertion loss. An example filter operating
at 840 kHz is designed and simulation results are pre-
sented which show agreement with established theory.
Future considerations include treatment of shape factor
in bandpass filters and more comprehensive coverage of
coupling factor k¥ and its boundary conditions.
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