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TUNABLE NARROW BANDPASS MEMS TECHNOLOGY FILTER
USING AN ARCH BEAM MICRORESONATOR

CROSS REFERENCE TO RELATED APPLICATIONS
[0001]

This application claims priority to, and the benefit of, co-pending U.S. provisional

application entitled "Tunable Narrow Bandpass MEMS Technology Filter" having serial no.
62/376,600, filed August 18 , 201 6 , which is hereby incorporated by reference in its entirety.

BACKGROUND
[0002]

Today, micro- and nano-scale devices or systems (e.g. , microelectromechanical

systems (MEMS) and nanoelectromechanical systems (NEMS)) can offer an attractive option
in various applications.

Tunable MEMS bandpass filters are in high demand in many

applications, particularly in modern communication technology. The design of bandpass filters
based on MEMS resonators has been the subject of research for some time. Typically, any

given MEMS bandpass filter is designed to pass signals over a certain bandwidth (BW) about

a center frequency (fc).

SUMMARY
[0003]

Aspects of the present disclosure are related to tunable narrow bandpass filters

based upon microelectromechanical systems (MEMS) technology. The tunable narrow

bandpass filters may be scaled down to sub-micron levels.
[0004]

In one aspect, among others, a tunable bandpass microelectromechanical

(MEMS) filter comprises at least one arch beam microresonator; a first voltage source

electrically coupled to apply a static voltage bias to the arch beam microresonator; and a
second voltage source electrically coupled to apply an adjustable voltage bias across the arch
beam microresonator. In one or more aspects, a bandpass center frequency of the tunable

bandpass MEMS filter can be tunable by at least 125% by adjustment of the adjustable voltage
bias. The tunable bandpass MEMS filter can have a relatively low bandwidth distortion. The

relatively low bandwidth distortion can be about ±50 Hz. In some aspects, the second voltage
source can offer independent tuning of a passband of the tunable bandpass MEMS filter. A
response of the tunable bandpass MEMS filter can exhibit less than 2.5dB passband ripple.
A response of the tunable bandpass MEMS filter can exhibit sideband rejection in a range of
at least 26dB. In various aspects, the tunable bandpass MEMS filter can further comprise at

least one drive electrode adjacent to a first side of the at least one arch beam microresonator,

wherein the at least one drive electrode is driven by an input signal. The tunable bandpass
MEMS filter can further comprise at least one sense electrode adjacent to a second side of

the at least one arch beam microresonator, the at least one sense electrode configured to
provide at least one corresponding output signal. A differential amplifier can generate a filtered

output from the at least one corresponding output signal.
[0005]

In another aspect, a tunable bandpass microelectromechanical (MEMS) filter

comprises a pair of arch beam microresonators; and a pair of voltage sources electrically
coupled to apply a pair of adjustable voltage biases across respective ones of the pair of arch
beam microresonators. In one or more aspects, a bandpass center frequency of the tunable

bandpass MEMS filter can be tunable by at least 125% by adjustment of the adjustable voltage
bias. The tunable bandpass MEMS filter can have a relatively low bandwidth distortion. The

relatively low bandwidth distortion can be about ±50 Hz. In some aspects, the pair of voltage
sources can offer independent tuning of a passband of the tunable bandpass MEMS filter. A
response of the tunable bandpass MEMS filter can exhibit less than 2.5dB passband ripple.
A response of the tunable bandpass MEMS filter can exhibit sideband rejection in a range of
at least 26dB. In various aspects, the tunable bandpass MEMS filter can further comprise a

pair of drive electrodes, each of the pair of drive electrodes adjacent to a corresponding one
of the pair of arch beam microresonators, wherein the pair of drive electrodes is driven by an
input signal.

The tunable bandpass MEMS filter can further comprise a pair of sense

electrodes, each of the pair of sense electrodes adjacent to a corresponding one of the pair of
arch beam microresonators opposite the pair of drive electrodes, the pair of sense electrodes

configured to provide a pair of output signals. A differential amplifier can be configured to
generate a filtered output from the pair of output signals received from the pair of sense
electrodes.
[0006]

Other systems, methods, features, and advantages of the present disclosure will

be or become apparent to one with skill in the art upon examination of the following drawings

and detailed description . It is intended that all such additional systems, methods, features,
and advantages be included within this description , be within the scope of the present

disclosure, and be protected by the accompanying claims.

In addition, all optional and

preferred features and modifications of the described embodiments are usable in all aspects
of the disclosure taught herein . Furthermore, the individual features of the dependent claims,
as well as all optional and preferred features and modifications of the described embodiments

are combinable and interchangeable with one another.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007]

For a more complete understanding of the embodiments described herein and the

advantages thereof, reference is now made to the following description, in conjunction with
the accompanying figures briefly described as follows:
[0008]

FIG. 1 illustrates various bandpass filter characteristics

for discussion in

connection with the embodiments described herein.
[0009]

FIG. 2 illustrates an example of a tunable MEMS bandpass filter, according to the

various embodiments described herein .
[001 0]

FIG. 3A illustrates an example of a response of the bandpass filter shown in FIG.

2 without tuning, according to the various embodiments described herein.
[001 1]

FIGS. 3B and 3C illustrate example responses of the bandpass filter shown in FIG.

2 with tuning, according to the various embodiments described herein.
[001 2]

FIGS. 4A-4D illustrate the tunability of the center frequency of the bandpass filter

shown in FIG. 2 , according to the various embodiments described herein.

[001 3]

FIG. 5 illustrates variation in center frequency and percentage of tuning the center

frequency of the bandpass filter shown in FIG. 2 according to electrothermal voltage (VTI),
according to the various embodiments described herein .
[001 4]

The drawings illustrate only example embodiments and are therefore not to be

considered limiting of the scope described herein, as other equally effective embodiments are
within the scope and spirit of this disclosure. The elements and features shown in the drawings
are not necessarily drawn to scale, emphasis instead being placed upon clearly illustrating the

principles of the embodiments. Additionally, certain dimensions may be exaggerated to help
visually convey certain principles. In the drawings, similar reference numerals between figures
designate like or corresponding, but not necessarily the same, elements.

DETAILED DESCRIPTION
[001 5]

As

noted

above,

microelectromechanical

systems

(MEMS)

and

nanoelectromechanical systems (NEMS) offer an attractive option in various applications.
Tunable MEMS bandpass filters are in high demand in many applications, particularly in
modern communication technology.

The design of bandpass filters based on MEMS

resonators has been the subject of research for some time.

Typically, any given MEMS

bandpass filter is designed to pass signals over a certain bandwidth (BW) about a center
frequency (fc).
[001 6]

In many cases, it would be desirable to have some control over the bandwidth and

center frequency of MEMS bandpass filters so the MEMS bandpass filters could be tailored to
work in a variety of applications, to work with a variety of waveforms at different frequencies,
to reduce thermal effects, and to compensate for manufacturing tolerances.
[001 7]

Narrow bandwidth MEMS bandpass filters are often realized through electrostatic

or mechanical coupling of similar resonators. A major shortcoming of mechanical coupling of
the resonators is the inability to tune the coupling between the resonators after fabrication . To
circumvent this issue, many research groups have employed electrically coupled micro-

resonators. A n advantage of electrostatically tunable filters is that some tuning of the/c or the
BW

may be achieved by modifying the bias voltage of the resonators. However, changing the

bias voltage of the resonators also modifies the amount of signal attenuation through the filter
in addition to affecting the BW.

Thus, the main challenges for design of tunable filters are the

correlations that exist between the /c, the BW, and bandpass attenuation (e.g. , insertion loss)
of such filters.
[001 8]

FIG. 1 illustrates various bandpass filter characteristics

for discussion in

connection with the embodiments described herein . Particularly, FIG. 1 shows the frequency
response of a bandpass filter including bandwidth (BW),

upper

(JH)

and lower

(JL)

corner

frequencies, center frequency fc, and bandpass ripple ( ΓΒΡ) . A novel MEMS bandpass filter
design is described herein. The MEMS bandpass filter allows, for the first time, a very high

degree of tunability of the / c (e.g. , by more than 125%) with relatively little B W distortion (e.g. ,
about ±50 Hz). In one example case, the bandpass filter has less than 2.5dB passband ripple
with sideband rejection (e .g., at least 26±4 dB).
independent tuning of the fi
[001 9]

The design also has the provision for

at the expense of a slight increase in passband ripple. - 3dB

Turning to the embodiments, FIG. 2 illustrates an example of a tunable MEMS

bandpass filter 20 ("the bandpass filter 20"), according to the various embodiments described
herein. The bandpass filter 20 includes two series-coupled arch beam microresonators 30
and 3 1 , a DC voltage source 40 applied across the arch beam microresonators 30 and 3 1 ,
and two voltage sources 50 and 5 1 each electrically coupled, respectively, to apply a voltage

bias across the two arch beam microresonators 30 and 3 1 . FIG. 2 also illustrates an input

source 60 that provides a signal for filtration. The signal from the input source 60 is applied
to the driving electrodes 70 and 7 1 . As shown, the voltage sources 50 and 5 1 are connected

across the arch beam microresonators 30 and 3 1 , respectively, to independently modulate
their corresponding resonance frequencies and create the tunable response of the bandpass
filter 20. Thus, the voltage sources 50 and 5 1 are adjustable and can be varied in voltage,

respectively, to adjust the operating characteristics of the bandpass filter 20. The outputs of
the arch beam microresonators 3 1 and 32 are sensed by the sense electrodes 80 and 8 1 ,
respectively, as shown in FIG. 2 . The outputs of the sense electrodes 80 and 8 1 are fed into
a low noise differential amplifier 90 to produce the filtered output of the bandpass filter 20.

[0020]

The output of the differential amplifier 90 can be coupled to a network analyzer

input port for S2 transmission signal measurement.

The voltage sources 50 and 5 1 are

connected across the two arch beam microresonators 30 and 3 1 , respectively to tune
electrothermally

the resonance frequency of each microresonator.

The experiments

described herein have been conducted at 2 Torr pressure and at room temperature with the
following preset conditions: V

C

= 50V, VAc = (-) 25 dBm (0.01 25 V

s).

The resonance

frequencies of the two arch beam microresonators 3 1 and 32 were 117 kHz and 119 kHz,
respectively, and the common mode differential configuration (i.e. , common output from phase
inversion of two output signals) was used to obtain the filter response. The phase response
of the arch beam microresonators 3 1 and 32 did not show a complete 360° phase transition
at the center of the frequency response, and no filter characteristics were shown by the arch

beam microresonators 3 1 and 32 when they were not electrothermally tuned.

[0021]

The bandpass filter 20 can be fabricated in any suitable way. In one case, the

arch beam resonators are fabricated on a highly conductive silicon (Si) device layer of silicon-

on-insulator (SOI) wafer by a two-mask process using standard photo-lithography, electronbeam (E-beam) evaporation for metal layer deposition, deep reactive ion etch (DRIE) for
silicon device layer etching, and vapor hydrofluoric (HF) etch to remove the oxide layer
underneath of the resonating structure.

Thus, the bandpass filter 20 consists of clamped-

clamped arch shaped beams with two adjacent electrodes, one drive (or actuating) electrode
to electrostatically drive it into in-plane motion and another sense electrode to detect the

generated AC output current. The dimensions of the arch beams are δθθµηι in length , 3 µηι
in width, and 30 µηι (Si device layer of SOI wafer) in thickness, but other thicknesses can be

used . The gap between the drive (or actuating) electrode and the resonating beam is δµηι at

the clamped ends and 11 µηι at the mid-point of the micro-beam due to its 3 µηι initial
curvature. The fabrication process is controllable and reproducible with minimal constrains
from residual stress.
[0022]

Turning to the response of the bandpass filter 20, FIG. 3A illustrates an example

response of the bandpass filter 20 without tuning, and FIG. 3B illustrates an example response
of the bandpass filter 20 with tuning.

In FIG. 3A,

the magnitude (303a) and phase (306a)

response of the bandpass filter 20 is shown when the voltage sources 50 and 5 1 are both set
to 0V. With the voltage sources 50 and 5 1 both set to 0V, the bandpass filter 20 is not being

tuned . In contrast, FIG. 3B, the magnitude (303b) and phase (306b) response of the bandpass
filter 20 is being tuned with the voltage sources 50 and 5 1 set to 0V and 0 . 16V, respectively.
As for the response exhibited in FIG. 3B, the insertion loss (IL) = -59.7 dB, the center
dB, the 3dB bandwidth

Hz,

and the sideband rejection Sfirej =23 .09 dB. Comparing the non-tuned and tuned responses

of the bandpass filter 20 (i.e. , comparing the response shown in FIG. 3A to that shown in FIG.
3B), it is clear that the application of voltage biases using the voltage sources 50 and 5 1 can
be used to tune the bandpass filter 20 to have narrower BW, lower passband ripple

improved 3dB bandwidth
[0023]

ΓΡ

, and

Β,among other tuned parameters or characteristics.

FIG. 3C illustrates another example response of the bandpass filter shown in FIG.

2 with tuning according to the embodiments described herein. In FIG. 3C, the magnitude
(303c) and phase (306c) response of the bandpass filter 20 is being tuned with the voltage

sources 50 and 5 1 set to 1.775V and 1.627V, respectively. In that case, the center frequency
is tuned to /c=270.72 kHz from the initial value of 119 . 15 kHz ( 1 25% of the initial /c), the I L =

-62.3 dB, the passband ripple rpp=0.93 dB, the 3dB bandwidth

H Z , and the

sideband rejection Sfi re j=29.2 dB.
[0024]

In extension to the results shown in FIGS. 3B and 3C, FIGS. 4A-4D illustrate the

tunability of the center frequency of the bandpass filter 20 for different voltage biases using

the voltage sources 50 and 5 1 . As shown in FIGS. 4A-4D, the center frequency f c of the
bandpass filter 20 is tuned from 115 kHz to 270 kHz using the voltage sources 50 and 5 1 .
Particularly, FIG. 4A shows the tunability of the center frequency f c of the bandpass filter 20
between 115 kHz to 145 kHz, FIG. 4B shows the tunability of the center frequency f c of the
bandpass filter 20 between 145 kHz to 175 kHz, FIG. 4C shows the tunability of the center
frequency f c of the bandpass filter 20 between 185 kHz to 2 1 5 kHz, and FIG. 4D shows the
tunability of the center frequency f c of the bandpass filter 20 between 250 kHz to 280 kHz.
Table 1, below, shows further examples of how various characteristics of the bandpass filter
20 can change for different voltage biases using the voltage sources 50 and 5 1 . The results

presented in Table 1 show the large tuning of center frequency of about 125% with nearly
constant bandwidth for the proposed device.

Table 1
[0025]

FIG. 5 illustrates an example of the variation in center frequency (503) and

percentage of tuning the center frequency (506) of the bandpass filter shown in FIG. 2
according to electrothermal voltage (VTI ) , according to the embodiments described herein .

FIG. 5 clearly shows that the MEMS bandpass filter shown in FIG. 2 allows a very high degree

of tunability of the / c (e.g. , by more than 125%) based on VTI.
[0026]

The proposed device resonators can be easily scaled down to sub-micron levels

with standard fabrication processes and high frequency regime can be radially accessed. The
frequency tuning method demonstrated herein would be equally applicable for sub-micron
scale devices with possible increases on the voltage load depending on the required level of
frequency tuning and resistance of the mechanical structure to DC currents.
[0027]

Although embodiments have been described herein in detail, the descriptions are

by way of example. The features of the embodiments described herein are representative
and , in alternative embodiments, certain features and elements may be added or omitted .

Additionally, modifications to aspects of the embodiments described herein may be made by
those skilled in the art without departing from the spirit and scope of the present invention
defined in the following claims, the scope of which are to be accorded the broadest
interpretation so as to encompass modifications and equivalent structures.
[0028]

The term "substantially" is meant to permit deviations from the descriptive term

that don't negatively impact the intended purpose. Descriptive terms are implicitly understood
to be modified by the word substantially, even if the term is not explicitly modified by the word

substantially.
[0029]

It should be noted that ratios, concentrations, amounts, and other numerical data

may be expressed herein in a range format. It is to be understood that such a range format is
used for convenience and brevity, and thus, should be interpreted in a flexible manner to

include not only the numerical values explicitly recited as the limits of the range, but also to
include all the individual numerical values or sub-ranges encompassed within that range as if
each numerical value and sub-range is explicitly recited . To illustrate, a concentration range

of "about 0 .1% to about 5%" should be interpreted to include not only the explicitly recited
concentration of about 0 .1 wt% to about 5 wt%, but also include individual concentrations (e.g. ,
1 % , 2 % , 3 % , and 4%) and the sub-ranges (e.g. , 0.5% , 1 .1% , 2.2%, 3.3%, and 4.4%) within

the indicated range. The term "about" can include traditional rounding according to significant
figures of numerical values. In addition, the phrase "about 'x' to 'y'" includes "about 'x' to about

.

CLAIMS
At least the following is claimed :

1.

A tunable bandpass microelectromechanical (MEMS) filter, comprising:
at least one arch beam microresonator;

a first voltage source electrically coupled to apply a static voltage bias to the
arch beam microresonator; and

a second voltage source electrically coupled to apply an adjustable voltage bias
across the arch beam microresonator.

2.

The tunable bandpass MEMS filter according to claim 1, wherein a bandpass

center frequency of the tunable bandpass MEMS filter is tunable by at least 125% by
adjustment of the adjustable voltage bias.

3.

The tunable bandpass MEMS filter according to claim 1, wherein the tunable

bandpass MEMS filter has a relatively low bandwidth distortion .

4.

The tunable bandpass MEMS filter according to claim 3 , wherein the relatively

low bandwidth distortion is about ±50 Hz.

5.

The tunable bandpass MEMS filter according to claim 1, wherein the second

voltage source offers independent tuning of a passband of the tunable bandpass MEMS filter.

6.

The tunable bandpass MEMS filter according to claim 1, wherein a response

of the tunable bandpass MEMS filter exhibits less than 2.5dB passband ripple.

7.

The tunable bandpass MEMS filter according to claim 1, wherein a response

of the tunable bandpass MEMS filter exhibits sideband rejection in a range of at least 26dB.

8.

The tunable bandpass MEMS filter according to claim 1, further comprising at

least one drive electrode adjacent to a first side of the at least one arch beam microresonator,

wherein the at least one drive electrode is driven by an input signal.

9.

The tunable bandpass MEMS filter according to claim 8 , further comprising at

least one sense electrode adjacent to a second side of the at least one arch beam

microresonator, the at least one sense electrode configured to provide at least one
corresponding output signal.

10 .

The tunable bandpass MEMS filter according to claim 9 , wherein a differential

amplifier generates a filtered output from the at least one corresponding output signal.

11.

A tunable bandpass microelectromechanical (MEMS) filter, comprising:
a pair of arch beam microresonators; and
a pair of voltage sources electrically coupled to apply a pair of adjustable

voltage biases across respective ones of the pair of arch beam microresonators.

12 .

The tunable bandpass MEMS filter according to claim 11, wherein a bandpass

center frequency of the tunable bandpass MEMS filter is tunable by at least 125% by
adjustment of the adjustable voltage bias.

13 .

The tunable bandpass MEMS filter according to claim 11, wherein the tunable

bandpass MEMS filter has a relatively low bandwidth distortion .

14 .

The tunable bandpass MEMS filter according to claim 13 , wherein the relatively

low bandwidth distortion is about ±50 Hz.

15 .

The tunable bandpass MEMS filter according to claim 11, wherein the pair of

voltage sources offer independent tuning of a passband of the tunable bandpass MEMS filter.

16 .

The tunable bandpass MEMS filter according to claim 11, wherein a response

of the tunable bandpass MEMS filter exhibits less than 2.5dB passband ripple.

17 .

The tunable bandpass MEMS filter according to claim 11, wherein a response

of the tunable bandpass MEMS filter exhibits sideband rejection in a range of at least 26dB.

18 .

The tunable bandpass MEMS filter according to claim 11, further comprising a

pair of drive electrodes, each of the pair of drive electrodes adjacent to a corresponding one
of the pair of arch beam microresonators, wherein the pair of drive electrodes is driven by an
input signal.

19 .

The tunable bandpass MEMS filter according to claim 18 , further comprising a

pair of sense electrodes, each of the pair of sense electrodes adjacent to a corresponding one
of the pair of arch beam microresonators opposite the pair of drive electrodes, the pair of
sense electrodes configured to provide a pair of output signals.

20.

The tunable bandpass MEMS filter according to claim 19 , wherein a differential

amplifier is configured to generate a filtered output from the pair of output signals received
from the pair of sense electrodes.
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