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the substrate, and at least one of the substrate and the cap
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TUNABLE CAVITY RESONATOR
INCLUDING A PLURALITY OF MEMS
BEAMS

This application claims the benefit of priority of U.S. pro-
visional application Ser. No. 61/654,480, filed Jun. 1, 2012;
U.S. provisional application Ser. No. 61/654,497, filed Jun. 1,
2012; and U.S. provisional application Ser. No. 61/654,615,
filed Jun. 1, 2012, the disclosures of which are incorporated
by reference herein 1n their entireties.

This invention was made with government support under
W15P7T-10-C-B019 awarded by the Defense Advanced
Research Projects Agency (“DARPA”) and DE-FC32-
O8NA28617 awarded by the National Nuclear Security
Administration of the U.S. Department of Energy. The gov-
ernment has certain rights in the invention.

FIELD

The present disclosure relates to cavity resonators for elec-
tromagnetic signals and, in particular, to a tunable cavity
resonator that includes a tuning assembly having a plurality of
MEMS beams, the movement of which tunes a resonant fre-
quency of the cavity resonator.

BACKGROUND

Tunable cavity resonators are electronic components that
are useable as filters for radio frequency electromagnetic
signals, among other types of signals. In particular, tunable
cavity resonators using the evanescent mode cavity-based
implementation are effective filters that are low-loss and
widely tunable. Additionally, cavity resonators using the eva-
nescent mode implementation typically offer a good balance
between filter size, signal loss, spurious-iree dynamic range,
and tuning range.

Tunable cavity resonators typically include either a piezo-
electric tuning device or an electrostatic microelectrome-
chanical systems (“MEMS”) diaphragm tuming device.
Piezoelectrically-tuned cavity resonators typically vield
excellent radio frequency filtering results. These types of
tuning devices, however, are typically large, with a diameter
of approximately twelve to thirteen millimeters, and have
slow response speeds that are on the order of one millisecond
or more. MEMS diaphragms also typically yield excellent
radio frequency filtering results, but have a low unloaded
quality factor (*Q ) due to effects from the biasing network
that 1s used to control the MEMS diaphragm. Accordingly,

known tuning devices for cavity resonators exhibit a tradeotf
between size, unloaded quality factor, frequency tuning, and
tuning speed.

Accordingly, further developments based on one or more
of the above-described limitations are desirable for tunable
cavity resonators.

SUMMARY

According to one embodiment of the disclosure, a tunable
cavity resonator includes a substrate, a cap structure, and a
tuning assembly. The cap structure extends from the sub-
strate, and at least one of the substrate and the cap structure
defines a resonator cavity. The tuning assembly 1s positioned
at least partially within the resonator cavity. The tuning
assembly includes a plurality of fixed-fixed MEMS beams
configured for controllable movement relative to the substrate
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between an activated position and a deactivated position in
order to tune a resonant frequency of the tunable cavity reso-

nator.

According to another embodiment of the disclosure, a tun-
able cavity resonator includes a substrate, a cap structure, a
tuning assembly, and a DC biasing network. The cap structure
extends from the substrate, and at least one of the substrate
and the cap structure defines a resonator cavity. The tuning
assembly 1s positioned at least partially within the resonator
cavity. The tuning assembly includes a plurality of fixed-fixed
MEMS beams configured for controllable movement relative
to the substrate and a plurality of actuators. Each actuator of

the plurality of actuators 1s configured to controllably cause
movement of one of the fixed-fixed MEMS beams of the
plurality of fixed-fixed MEMS beams. The DC biasing net-
work 1s configured to generate a dynamic activation signal for
activating at least one fixed-fixed MEMS beam of the plural-
ity of fixed-fixed MEMS beams. In response to a unit step
activation signal, the at least one fixed-fixed MEMS beam 1s
moved from an 1nitial position to a peak position 1n a peak
time period. The dynamic activation signal includes a rise
time portion in which a magnitude of the activation signal 1s
increased from an 1nitial value, to a first intermediate value,
and then to a peak value. The rise time portion 1s started 1n
response to the generation of the dynamic activation signal
and ends 1n response to the dynamic activation signal having
the peak value. The dynamic activation signal 1s maintained at
the first intermediate value for a first predetermined time
period. A duration of the rise time portion 1s greater than a
duration of the peak time period. A plurality of electrostatic
spaces 1s defined between each fixed-fixed MEMS beam of
the plurality of fixed-fixed MEMS beams and the substrate.
Each actuator of the plurality of actuators 1s spaced apart from
the plurality of electrostatic spaces.

According to yet another embodiment of the disclosure, a
method of tuning a tunable cavity resonator 1s disclosed. The
tunable cavity resonator includes a plurality of MEMS beams
and a DC biasing network electrically coupled to the plurality
of MEMS beams. The DC biasing network 1s configured to
generate a dynamic activation signal for controllably moving
at least one of the MEMS beams between an activated posi-
tion and an 1nitial position. The method includes increasing a
voltage magnitude of the dynamic activation signal from an
initial value to a peak value during a rise-time time period.
The rise-time time period ends in response to the voltage
magnitude being the peak value. The method further includes
causing at least one MEMS beam to move from the 1nitial
position to the activated position 1n response to increasing the
voltage magnitude of the dynamic activation signal. The at
least one MEMS beam 1s in the activated position at the end of
the rise-time time period. In response to a unit step activation
signal the at least one MEMS beam 1s moved from an 1nitial
position to a peak position in a peak time period. A duration of
the rise time portion 1s greater than a duration of the peak time
period. A magnitude of the peak position 1s greater than a
magnitude of the activated position.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of a tunable cavity resonator as
described herein;

FIG. 2 1s a cross sectional view of the cavity resonator of
FIG. 1;

FIG. 3 1s a perspective view of an array of fixed-fixed
MEMS beams of the cavity resonator of FIG. 1;

FIG. 4 1s a cross sectional view of a portion of the cavity
resonator of FIG. 1, showing one of the fixed-fixed MEMS
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beams of FIG. 3 1n a deactivated position (solid lines) and in
an activated position (broken lines);

FIG. SA 1s a perspective view of a cap structure of the
cavity resonator of FIG. 1, showing the cap structure during a
first stage of a forming process;

FIG. 3B 1s a perspective view of the cap structure shown
during a second stage of the forming process;

FIG. 5C 1s a perspective view of the cap structure shown
during a third stage of the forming process;

FIG. 5D 1s a perspective view of the cap structure shown
during a fourth stage of the forming process;

FIG. 6A 1s a perspective view of the substrate of the cavity
resonator of FIG. 1, shown during a first stage of a forming
process for forming the tuning structure;

FI1G. 6B 1s a perspective view of the substrate shown during
a second stage of the forming process;

FIG. 6C 1s a perspective view of the substrate shown during
a third stage of the forming process;

FIG. 6D 1s a perspective view of the substrate shown during
a fourth stage of the forming process;

FIG. 7 1s a graph showing an under-damped second order
response of one of the MEMS beams of the cavity resonator
of FIG. 1, the 1llustrated response occurs 1n response to a unit
step activation signal;

FI1G. 8 1s a graph showing a position of one of the MEMS
beams of the cavity resonator of FIG. 1 and a dynamic DC
activation signal configured to activate the MEMS beam:;

FI1G. 9 1s a graph showing the position of one of the MEMS
beams of the cavity resonator of FIG. 1 verses time for a
unit-step activation signal and the dynamic DC activation
signal of FIG. 8;

FI1G. 10 1s a flowchart depicting a method of operating the
cavity resonator of FIG. 1;

FIG. 11 1s a perspective view of another embodiment of a
tunable cavity resonator;

FIG. 12 1s a cross sectional view of the cavity resonator of
FIG. 11;

FIG. 13 1s a perspective view of an array of fixed-fixed
MEMS beams of the cavity resonator of FIG. 11;

FI1G. 14 1s a perspective view of a portion of a substrate and
one of the fixed-fixed MEMS beams of the cavity resonator of
FIG. 11;

FIG. 15 1s a cross sectional view of a portion of the sub-
strate and one of the fixed-fixed MEMS beams of the cavity
resonator of FIG. 11;

FIG. 16 1s a graph showing a position of one of the MEMS
beams of the cavity resonator of FIG. 11 and a dynamic DC
activation signal configured to activate the MEMS beam:;

FIG. 17 1s a graph showing the position of one of the
MEMS beams of the cavity resonator of FIG. 11 verses time
for a unit-step activation signal and the dynamic DC activa-
tion signal of FIG. 16;

FI1G. 18 1s a perspective view of another embodiment of a
tunable cavity resonator;

FIG. 19 1s a perspective view of a portion of the cavity
resonator of FIG. 18 showing numerous cantilever MEMS
beams;

FI1G. 20 1s a graph showing a position of one of the MEMS
beams of the cavity resonator of FIG. 18 and a dynamic DC
activation signal configured to activate the MEMS beam; and

FIG. 21 1s a graph showing the position of one of the
MEMS beams of the cavity resonator of FIG. 18 verses time
for a unit-step activation signal and the dynamic DC activa-

tion signal of FIG. 20.

DETAILED DESCRIPTION

As shown 1n FIGS. 1 and 2, a tunable cavity resonator 100
includes a substrate 104, an insulating structure 108, and a cap
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structure 112. The substrate 104 1s formed from high resis-
tivity silicon. In one embodiment, the substrate 104 has a
resistance of approximately 10 k€2/cm and has a thickness of
approximately 525 micrometers.

The msulating structure 108 1s formed on the substrate 104
and 1s positioned between the substrate 104 and the cap struc-
ture 112. The insulating structure 108 1s formed from an
clectrical insulator. For example, the insulating structure 108
1s formed from thermally grown silicon dioxide.

The cap structure 112 extends from the substrate 104 and
the msulating structure 108. The cap structure 112 1s also
formed from silicon. The cap structure 112 defines an eva-
nescent post 116 and a resonator cavity 120 1n which an input
lead 124 (FIG. 1) and an output lead 128 (FIG. 1) are posi-
tioned. The 1nput lead 124 and the output lead 128 are pro-
vided, 1n at least one embodiment, as shorted coplanar
waveguide (“CPW?”) transmission lines.

The resonator cavity 120 defines a lower edge length 132
(FIG. 1) of approximately six millimeters, an upper edge
length 134 (FIG. 1) of approximately 3.6 millimeters, and a
height 136 (FIG. 2) of approximately 1.5 millimeters. The
resonator cavity 120 1s an all-silicon resonator cavity. Accord-
ingly, the portion of the cavity resonator 100 that defines the
resonator cavity 120 1s formed completely from silicon or 1s
formed substantially from silicon. The volume and shape of
the resonator cavity 120 contributes to establishing a resonate
frequency of the cavity resonator 100. In some embodiments,
the resonator cavity 120 1s at least partially defined by the
substrate 104 and 1nsulating structure 108. For example, the
substrate 104 and the insulating structure 108 may define a
depression or a plateau (not shown) that at least partially
defines the resonator cavity 120. Additionally, the resonator
cavity 120, 1n some embodiments, 1s lined with a conductive
material, such as gold.

As shown 1n FIG. 2, the evanescent post 116 extends from
the cap structure 112 toward the substrate 104. The evanes-
cent post 116 has a generally frustoconical shape, with the
smaller surface of the evanescent post defining a capacitive
surtace 140.

With reference to FIG. 1, the cavity resonator 100 further
includes a tuning assembly 144 and a DC biasing network
148. The tuning assembly 144 is at least partially positioned
within the resonator cavity 120 and includes a plurality of
fixed-fixed MEMS beams 152 (FIG. 3) and an actuator
assembly 156 (FIG. 4). The MEMS beams 152 are formed
from gold 174 (FIG. 6D) deposited onto the insulating struc-
ture 108.

As shown 1n FIGS. 3 and 4, the MEMS beams 152 are
positioned 1n a rectangular array on top of the insulating
structure 108. The tuming assembly 144 includes approxi-
mately seventy-five of the MEMS beams 152 1n the array. In
another embodiment, the tuning assembly 144 1includes
between ten to two hundred of the MEMS beams 152 1n the
array. Also 1n another embodiment, the MEMS beams 152 are
positioned i1n an array of another shape including, for
example, a circular array.

With reference to FIG. 4, each of the MEMS beams 152
includes a fixed end 1524, an opposite fixed end 1525, and a
flexible central portion 152¢ disposed therebetween. The
MEMS beams 152 are referred to as “fixed-fixed” since both
ends 152a, 1526 of the beams have a fixed position relative to
the substrate 104. The flexible central portion 152¢ 1s mov-
able to a desired position relative to the substrate 104 1n
response to the tuning structure receiving a DC activation
signal. The central portion 152¢ defines a thickness 1524 and
a length 152¢ of the MEMS beam 152. In FIG. 3, the central
portion 152¢ also defines a width 152f of the MEMS beam
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152. An exemplary MEMS beam 152 has a thickness 1524 of
0.9 micrometers, a length 152¢ of 185 micrometers, and a
width 152/ of 20 micrometers.

With retference still to FIG. 4, the MEMS beams 152 are
configured for controllable movement between a deactivated
position (solid lines) and an activated position (broken lines),
in order to tune a resonate frequency of the cavity resonator
100, as described below. In the activated position the central
portion 152c¢ 1s biased toward the substrate 104 and the 1nsu-
lating structure 108. In particular, a distance between the
central portion 152¢ and the insulating structure 108 1is
referred to as a gap height 154. Changing a position of a
MEMS beam 152 refers to changing the gap height 154 of the
central portion 152c¢.

The actuator assembly 156 1s configured to controllably
cause movement the MEMS beams 152. As shown in the
embodiment of FIG. 4, the actuator assembly 156 1s at least a
portion of the substrate 104. Accordingly, the MEMS beams
152 of FIGS. 3 and 4 are configured for direct electrostatic
activation as opposed to a fringe-field electrostatic activation.
The MEMS beams 152 are also referred to as being “substrate
biased.” 1n this embodiment.

As shown 1n FIGS. 1 and 2, the DC biasing network 148 1s
electrically connected to the tuning assembly 144. In particu-
lar, the DC biasing network 148 1s connected to the insulating
layer 108 and 1s electrically coupled to the layer of gold 174
that forms the MEMS beams 152. The layer of gold 174
extends from inside of the resonator cavity 120 to outside of
the resonator cavity. As shown in FIG. 1, the DC biasing
network 148 1s spaced apart from the resonator cavity 120 so
that the DC biasing network does not electrically interfere
with the electrical characteristic of the cavity resonator 100.

FIGS. 5A through 5D, 1llustrate a process for forming the
cap structure 112. As shown in FIG. 5A, first a two millimeter
thick high-resistivity silicon water 160 1s coated with three
hundred nanometers of silicon nitride 162 using low-pressure
chemaical vapor deposition (“LPCVD”). In FIG. 5B, the sili-
con nitride 162 1s patterned through dry-etching with SF, 1n a
reactive 1on etcher. The silicon nitride 162 serves as a wet etch
mask for the subsequent silicon etch. Next in FIG. 5C, the
s1licon nitride 162 1s wet etched approximately 1.5 millime-
ters deep 1n a 45% potassium hydroxide (“KOH”) by volume
solution maintained at approximately eighty degrees Celsius.
The wet etching forms the resonator cavity 120 and leaves
behind the evanescent post 116. The etch rate 1s approxi-
mately fifty five micrometers per hour. In FIG. SD, the cavity
120 1s flood sputter deposited with approximately two
micrometers of gold 164.

As shown 1n FIG. 6 A, fabrication of the MEMS beams 152
begins with spin coating and patterning an approximately
twenty micrometer thick AZ9260 photoresist layer 168 (or
the like) on the insulating structure 108. The photoresist layer
168 serves as a liftoll layer for copper. Next, copper and a thin
titanium adhesion layer 172 (less than approximately twenty
nanometers ) are flood-deposited on the liftoff mold to a thick-
ness of approximately seven micrometers. To facilitate the
liftoff process, the sample 1s placed 1n an ultrasonic cleaner
with acetone.

Next as shown in FIG. 6B, a gold layer 174, approximately
two micrometers thick, 1s flood-deposited and patterned to
form the input lead 124 and the output lead 128 and anchor
points (not shown) which permit DC biasing between the
MEMS beams 152 and the silicon substrate 104. A very thin
(less than approximately twenty nanometers) titanium adhe-
sion layer (not shown) 1s also included.

In FIG. 6C, a four micrometer thick SC1827 photoresist
sacrificial layer 176 1s coated and patterned to define the array
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of MEMS beams 152. Gold 1s again flood deposited to one
micrometer thick and patterned for the MEMS beams 152.
Again, a very thin (less than approximately twenty nanom-
eters) titanium adhesion layer (not shown) 1s also included.

As shown 1n FIG. 6D, the MEMS beams 152 are released
in a standard photoresist stripper, and the substrate 104 with
MEMS beams 152 1s dried 1n a carbon dioxide critical point
dryer.

In operation, the cavity resonator 100 functions similarly to
a bandpass filter by intensifying a range of frequencies of an
input radio frequency electromagnetic signal. The range of
frequencies that 1s intensified 1s centered about the resonate
frequency of the cavity resonator. In order to intensify a
different range of frequencies, the cavity resonator 100 is
tuned using the tuning assembly 144, which changes the
resonate frequency of the cavity resonator 100.

The tuning assembly 144 tunes the resonate frequency of
the cavity resonator 100 by changing a capacitance that 1s
exhibited between the tuning assembly and the capacitive
surface 140 of the evanescent post 116. The capacitance 1s
changed by moving the MEMS beams 152 either closer or
farther from the capacitive surface 140. Moving the MEMS
beams 152 relative to the capacitive surface 140 has a similar
elfect as changing the distance between the plates of a parallel
plate capacitor that uses air as a dielectric.

The MEMS beams 152 are moved by generating an DC
activation signal with the DC biasing network 148. The acti-
vation signal establishes a potential difference between the
MEMS beams 152 and the substrate 104. The potential dii-
terence results 1n an electric field that pulls the MEMS beams
152 toward the substrate 104 or that pushes the MEMS beam
away from the substrate. Thus, the DC biasing network 148 1s
said to “electrostatically” bias the MEMS beams 152 relative
to the substrate 104 to a desired gap height (1.e. position). By
selecting a particular DC voltage level, the DC biasing net-
work 148 accurately controls the position of the MEMS
beams 152 within a range of desired gap heights.

As shown 1n FIG. 7, the position response of one of the
MEMS beams 152 1s shown after being activated with a unit
step activation signal. As 1s well known, the unit step signal
transitions from an initial voltage level (typically zero volts)
to a peak voltage level 1n a very short time period (on the order
of a few microseconds). The abrupt change 1n voltage causes
an abrupt change 1n position of the MEMS beams 152, which
results 1n ringing of the MEMS beams as shown by the under-
damped second order response shown 1n FIG. 7. As shown 1n
the graph, the MEMS beams 152 are moved from an initial
position to a peak position (G,) in a peak time period (t,) in
response to the unit step activation signal. It 1s noted that the
gap height of the MEMS beam 152 at the peak position (G)
1s greater than the gap height of the MEMS beam in the
activated/desired position (Gy).

The MEMS beam 152 response of FIG. 7 1s undesirable
since the cavity resonator 100 1s unprepared to intensify an
input electromagnetic signal until the MEMS beams have
“settled” at the desired gap height (G). The settling time (t,)
in FIG. 7 1s approximately 1.2 milliseconds.

As shown 1n FIG. 8, instead of being activated with the unit
step activation signal, the DC biasing network 148 generates
a dynamic DC activation signal that minimizes the settling
time (t.) and the “ringing” of the MEMS beams 152. The
dynamic DC activation signal includes a rise time portion (t,)
(from t, to t,), a steady state portion (from t, to t,), and a fall
time portion (t; to t,). During the rise time portion (t,) the
voltage magnitude of the dynamic DC activation signal 1s
changed from an initial value (V, as shown in FIG. 8, but 1n
other embodiments the 1nitial value 1s any other voltage mag-
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nitude) to a peak value (V). The rise time portion is started in
response to the generation of the dynamic DC activation

signal and ends 1n response to the dynamic DC activation
signal having the peak value (V). In this regard, the dynamic
DC activation signal 1s similar to the unit step input; however,
instead of transitioning 1n a few microseconds, the dynamic
DC activation signal transition from the 1nitial value (V) to
the peak value (V) in tens of microseconds. Accordingly, the
duration of the rise time period 1s greater than the duration of
the peak time period (t,). In one embodiment, the duration of
the rise time period 1s approximately sixty microseconds.

During the rise time portion the voltage waveform exhibits
a nonlinear transition from the 1nitial value to the peak value.
In particular, the voltage waveform exhibits a rate of change
that decreases with time during the rise time portion, unlike
the unit step function which has a constant (theoretically
infinite) rate of change from the 1nitial value to the peak value.
In this way, during the rise time portion the dynamic DC
activation signal exhibits a controlled delay of a greater dura-
tion than any inherent delay present 1n the unit step function.
The inherent delay 1n the unit step function refers to the delay
in switching from the initial value to the peak value that 1s
observed 1n a unit step function generated by an electronic
device (1.e. a “real-world” unit step function signal).

During the steady state portion of the dynamic DC activa-
tion signal, the magnitude of the signal 1s maintained at the
peak value (V).

The fall time portion begins at the end of the steady state
portion when deactivation or repositioning of the MEMS
beam 152 1s desired. During the fall time portion the voltage
magnitude of the dynamic DC activation signal 1s gradually
decreased from the peak value (V) to the 1nitial value (V).
The duration of the fall time period 1s greater than the duration
of the peak time period (t,) and 1s approximately the same
duration as the rise time period.

During the fall time portion, the wavetform exhibits the
same controlled delay as during the rise time portion. During
the fall time portion, however, the rate of change increases
with time.

The duration of the rise time portion (t,) 1s determined
based on the following expressions. First, a mechanical qual-
ity factor (Q, ) of the fixed-fixed MEMS beams 152 1s deter-
mined according to expression (1). The mechanical quality
factor (Q, ) 1s a relationship based on the energy stored 1n a
resonator to the energy loss per cycle of the resonator.
Accordingly, a high quality factor 1s associated with a reso-
nator that 1s under-damped. For the MEMS beams 152 the
mechanical quality factor 1s approximated by the following
eXpression:

2 (1)

In the above expression (1), E 1s the Young’s modulus of the
material forming the MEMS beam 152 and p 1s the density of
the material forming the MEMS beams. The variable t, 1s the
thickness 1524 (F1G. 4) of the MEMS beams 152. The vari-
able u 1s a coetlicient of viscosity of the material (typically
air) through which the central portion 152¢ of the beam 152 1s
movable. At standard atmospheric temperature and pressure,
u 1s calculated to be approximately 1.845x10-5 kg/m-s. The
variable w, 1s the width 152/ of the central portion 152¢ of the
MEMS beam 152 and the variable L, 1s the length of the
central portion 152¢ of the MEMS beam 152. The variable g ,_
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1s the gap between the central portion 152¢ of the MEMS
beam 152 and the nearest damping surface, such as the sub-
strate 104. An exemplary value of g, . 1s approximately four
micrometers.

After determining the mechanical quality factor (Q ) of
the MEMS beams 152, the duration of the peak time portion
(t,) 1s determined by the following expression:

I, = " (2)

P 1 >
“’m‘)\/ 1 "(E]

In the above expression (2), w, , 1s the mechanical resonate

frequency of the MEMS beams 152 expressed 1n radians per
second.

Next, the duration of the peak time period (t,) 1s used to
calculate the duration of the rise time period (t_) according to
the following expression:

1.22.51,

(3)

Accordingly, based on the second order response of the
MEMS beams 152, the duration of the rise time period (t,)
that minimize ringing and minimizes the settling time 1s
greater than or equal to 2.5 times the duration of the peak time
period (t,). As described above, the duration of the fall time
period 1s approximately the same duration as the rise time
period (t,).

FIG. 8 shows the position response of one of the MEMS
beams 152 to the dynamic DC activation signal having a rise
time period (t,) with a duration that at least 2.5 times the
duration of the peak time period (t,). During the rise time
portion the position of the MEMS beam 152 moves from the
initial position (Gy) to the desired position (G). During the
steady state portion the MEMS beam 152 stays at the desired
position (G). During the fall time portion the position of the
MEMS beam 152 moves from the desired position (G,) to the
initial position (G,).

With reference to FIG. 9, extending the duration of the rise
time portion and the fall time portion to a time period that 1s
greater than the peak time period (t,), greatly reduces ringing

of the MEMS beams 152 and causes the MEMS beams to

smoothly and gradually arrive at the desired gap height (G).
Accordingly, the dynamic DC activation signal results 1n a
reduced settling time (t.) and makes the switching time of the
MEMS beams 152 much faster than 1s achieved with the
unit-step activation signal.

As shown 1n FIG. 10, a flowchart depicts a method 200 of
tuning the cavity resonator 100 of FIG. 1 using the dynamic
DC activation signal shown in FIG. 8. First 1n block 204, a
signal 1s obtained that 1s associated with or that 1dentifies a
desired resonate frequency of the cavity resonator 100. The
signal 1s typically obtained by a system (not shown) with
which the cavity resonator 100 1s associated. The desired
resonate frequency corresponds, for example, to a particular
wireless circuit that 1s to be activated within a system, such as
a mobile device. Typically, the desired resonate frequency 1s
based on characteristics of an input signal to be filtered by the
cavity resonator 100.

Next in block 208, a peak voltage (V) ot the dynamic DC
activation signal 1s selected. The peak voltage (V) causes the
MEMS beams 152 to move to an activated position (a par-
ticular “gap height™) that causes the resonate frequency of the
cavity resonator 100 to be the desired resonate frequency.
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Next, as shown 1n block 212, the dynamic DC activation
signal 1s generated and the magnitude of the signal 1s changed
from a current value (e.g. the initial value (V,)) to the peak
voltage (V) according to the rise time portion of the wave-
form shown 1n FIG. 8. In particular, a rise time period (t,) 1s
selected that 1s at least 2.5 times the duration of the peak time
period and a waveiorm 1s generated that at least approximates
the waveform of FIG. 8. The DC voltage electrostatically

activates the MEMS beams 152 and causes the MEMS beams

to move to the activated position that generates the desired
resonate frequency.

Next, as shown 1n block 216, the DC voltage of the DC

activation signal 1s maintained at the peak voltage until a
different resonate frequency 1s 1dentified or until use of the
cavity resonator 100 1s unneeded. If a different resonate fre-
quency (having a different peak voltage (V) associated there-
with) 1s 1dentified, the magnitude of the DC activation signal
1s gradually changed to the new peak voltage according to the

rise time portion or the fall time portion of the wavetorm of
FIG. 8. The new peak voltage causes the MEMS beams 152 to

move to a different activated position (a different gap height)
and changes the resonate frequency of the cavity resonator
100.

If the cavity resonator 100 1s no longer needed the magni-
tude of the dynamic DC activation signal 1s gradually transi-
tioned to the 1mitial value (V) (typically zero volts) according
to the fall time portion of the waveform of FIG. 8. A duration
of the fall time period is selected that 1s at least 2.5 times the
duration of the peak time period. If the magnitude of the DC
activation signal 1s transitioned to zero volts, then the MEMS
beams 152 move to the deactivated position.

As shown 1n FIGS. 11 and 12 another embodiment of a
cavity resonator 300 includes a substrate 304, an insulating
structure 308, and a cap structure 312. The substrate 304 1s
formed from high resistivity silicon.

The 1insulating structure 308 1s formed on the substrate 304
and 1s positioned between the substrate and the cap structure
312. The insulating structure 308 1s formed from thermally
grown silicon dioxide.

The cap structure 312 extends from the substrate 304 and
the msulating structure 308. The cap structure 312 1s also
formed from silicon. The cap structure 312 defines an eva-
nescent post 316 and a resonator cavity 320 1n which an input
lead 324 and an output lead 328 are positioned.

The cavity resonator 300 further includes a tuning assem-
bly 344, a DC biasing network 348, and a DC biasline 350.
The tuning assembly 344 1s at least partially positioned within
the resonator cavity 320 and includes numerous fixed-fixed

MEMS beams 352 and an actuator assembly 356 (FIG. 13).

As shown 1n FI1G. 13, the MEMS beams 352 are positioned
in a rectangular array on top of the isulating structure 308.
Only eight of the approximately seventy-five of the MEMS
beams 352 are shown. The MEMS beams 352 may suitably
have the same structure as the MEMS beam 152 shown in
FIG. 4. With reference to FIG. 14, the MEMS beams 352 are
formed from gold (see gold layer 174, FIG. 6D) deposited
onto the insulating structure 308 and are positioned above a
cavity 358 defined in the substrate 304.

The MEMS beams 352 are configured for controllable
movement between a deactivated position (lower four MEMS
beams 1 FIG. 13) and an activated position (upper four
MEMS beams 1n FIG. 14) 1n order to tune a resonate fre-
quency of the cavity resonator 300. In the activated position
the MEMS beams 352 are biased toward the substrate 304 and
the insulating structure 308, but do not contact the substrate or
the insulating structure.
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As shown 1n FIG. 15, a space 362 1s defined between the
MEMS beams 352 and the substrate 304. Specifically, the
space 362 1s defined by the MEMS beam 352, by the substrate
304, by a boundary 364 that extends between the MEMS
beam and the substrate, and by another boundary 368 that
extends between the MEMS beam and the substrate. Accord-
ingly, the space 362 1s approximately a rectangular void.

The actuator assembly 356 1s configured to controllably
cause movement the MEMS beams 352. As shown in FIG. 13,
the actuator assembly 356 includes a plurality of electrodes
372 spaced apart from the substrate 304. Each MEMS beam
352 1s controlled by the two electrodes 372 adjacent thereto.
The electrodes 372 are formed from the same material as the
MEMS beams 352 and are substantially parallel to the
MEMS beams.

With reference to FIG. 15, the electrodes 372 are spaced
apart from the substrate 304 and the MEMS beams 352. Also,
the electrodes 372 are laterally spaced apart from the spaces
362. Therelore, the electrodes 372 are positioned such that the
MEMS beams 352 are spaced apart from electrodes when the
MEMS beams are 1n the deactivated position (solid lines 1n
FIG. 15) and the activated position (broken lines 1n FIG. 15).
As a result, the activation method of the actuator assembly
356 1s a Iringe-field electrostatic activation as opposed to
direct-field electrostatic activation.

Referring again to FIG. 11, the DC biasing network 348 1s
electrically coupled to the tuning assembly 344 by the DC
biasline 350. The DC biasing network 348 1s spaced apart
from the resonator cavity 320 so that the DC biasing network
does not electrically interfere with the electrical characteristic
of the cavity resonator 300. The DC biasing network 348 is
configured to generate an activation signal (such as the
dynamic DC activation signal) that causes controlled move-
ment of the MEMS beams 352.

As shown 1n FIG. 13, the DC biasline 350 includes numer-

ous electrically 1solated conducting paths 376, 380. Some of
the conducting paths 376 electrically couple the DC biasing
network 348 to the electrodes 372. Other conducting paths
380 clectrically couple the DC biasing network 348 to the
MEMS beams 352. Since the conducting paths 376, 380 are

clectrically 1solated, the DC biasing network 348 1s config-
urable to activate some of the MEMS beams 352 with the
activation signal while leaving other MEMS beams 1n the
deactivated state. In this way, the DC biasing network 348 1s
configured to “fine tune” the resonate frequency of the cavity
resonator 300 by using only a subset of the MEMS beams to
tune the cavity resonator 300.

As shown 1n FIG. 16, the DC biasing network 348 gener-
ates a dynamic DC activation signal that minimizes the set-
tling time (t.) (FIG. 7) and the “ringing” of at least one of the
MEMS beams 352. The dynamic DC activation signal
includes a rise time portion (t1 to t2), a steady state portion (t2
to t3), and a fall time portion (13 to t4). The rise time portion
1s 1nitiated when activation of the MEMS beams 352 is
desired. During the rise time portion the voltage magnitude of
the dynamic DC activation signal 1s increased from an 1nitial
value (V,), to an intermediate value (V,), and then to a peak
value (V). The rise time portion 1s started in response to the
generation of the dynamic DC activation signal and ends 1n
response to the dynamic DC activation signal having the peak
value (V). The dynamic DC activation signal 1s maintained at
the intermediate value (V) for a predetermined time period
(t_,). In one embodiment, the duration of the rise time period
and the predetermined time period (t,,) are both approxi-
mately sixty microseconds.
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During the steady state portion of the dynamic DC activa-
tion signal, the magnitude of the signal 1s maintained at the

peak value (V).

The fall time portion begins at the end of the steady state
portion when deactivation of the MEMS beams 352 1s
desired. During the fall time portion the voltage magnitude of
the dynamic DC activation signal 1s decreased from the peak
value (V ), to a second intermediate value (V,), and then to
the mitial value (V). The dynamic DC activation signal 1s
maintained at the intermediate value (V) for a predetermined
time period (t_,). In one embodiment, the duration of the fall
time period and the predetermined time period (t_ ) 1s
approximately sixty microseconds.

In response to a umt step activation signal the MEMS
beams 352 exhibit the under-damped second order response
shown 1n FIG. 7, 1n which the MEMS beams move from an
initial position (G,) to a peak position (G,) i a peak time
period (t,). In the dynamic DC activation signal of FIG. 16,
the duration of the rise time portion and the duration of the fall
time portion are both longer than the duration of the peak time
period (t,) to mimimize ringing of the MEMS beams 352 and
to minimize the settling time (t.) of the MEMS beams, as
shown by the beam response (1.e. the gap height) in FIGS. 16
and 17. Specifically, the MEMS beams 352 smoothly arrive at
the desired gap height (G in response to the dynamic DC

activation signal of FIG. 16,

As shown 1n FIGS. 18 and 19 another embodiment of a
cavity resonator 400 includes a substrate 404, an 1nsulating
structure 408, and a cap structure 412. The substrate 404 and
the cap structure 412 are formed from high resistivity silicon.
The msulating structure 408 1s formed from thermally grown
s1licon dioxide.

The cap structure 412 defines an approximately cylindrical
evanescent post 416 and a resonator cavity 420 1n which an
input lead 424 and an output lead 428 are positioned. The
resonator cavity 420 1s an approximately cylindrical cavity.
The resonator cavity 420, 1in other embodiments, 1s at least
partially defined by the substrate 404.

The cavity resonator 400 further includes a tuning assem-
bly 444, a DC biasing network 448, and a DC biasline 450.
The tuning assembly 444 1s at least partially positioned within
the resonator cavity 420 and includes numerous cantilever
MEMS beams 452 and an actuator assembly 456.

As shown1n FIG. 19, the MEMS beams 452 are positioned
in a rectangular array on top of the insulating structure 408.
The MEMS beams 452 are formed from a layer of gold
deposited onto the insulating structure 408. A fixed end 466 of
the MEMS beams 452 1s connected to the insulating structure
408 and a free end 468 of the MEMS beams 1s configured for
movement relative to the substrate. The free ends 468 of the
MEMS beams 452 are positioned between and spaced apart
from the evanescent post 416 and the substrate 404.

The MEMS beams 452 are configured for controllable
movement between a deactivated position and an activated
position 1n order to tune a resonate frequency of the cavity
resonator 400. In the activated position the MEMS beams 452
are biased toward the substrate 404, but do not contact the
substrate. In the deactivated position, the MEMS beams 452
controllably “spring” back to the position shown in FIG. 19.

The actuator assembly 456 1s configured to controllably
cause movement the MEMS beams 452. As shown in FIG. 19,
the actuator assembly 456 includes a plurality of electrodes
472. Each MEMS beam 452 1s controlled by the two elec-
trodes 472 adjacent thereto. The electrodes 472 are formed
from the same material as the MEMS beams 452 and are
substantially parallel to the MEMS beams.
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The electrodes 472 are laterally spaced apart from the
MEMS beams 452. As a result, the activation method of the
actuator assembly 456 1s a fringe-field electrostatic activation
as opposed to direct-field electrostatic activation.

The DC biasing network 448 and the DC biasline 450 are
substantially equivalent to the DC biasing network 348 and
the DC biasline 350 of the cavity resonator 300 shown 1n FIG.
11.

As shown 1n FIG. 20, the DC biasing network 448 1is
configured to generate a dynamic DC activation signal that 1s
particularly suited for controllably moving the MEMS beams
452 while minimizing ringing and the settling time (t.) of the
MEMS beams. The dynamic DC activation signal includes a
rise time portion (t, to t,), a steady state portion (t, to t,), and
a fall time portion (t; to t,). The rise time portion 1s initiated
when activation of the MEMS beams 452 1s desired. During
the rise time portion the voltage magnitude of the dynamic
DC activation signal 1s increased from an 1nitial value (V,), to
an intermediate value (V, ), and then to a peak value (V). The
rise time portion 1s started 1n response to the generation of the
dynamic DC activation signal and ends in response to the
dynamic DC activation signal having the peak value. The
dynamic DC activation signal 1s maintained at the intermedi-
ate value (V,) for a predetermined time period (t_,;). In one
embodiment, the duration of the rise time period and the
predetermined time period (t_, ) are both approximately sixty
microseconds.

During the steady state portion of the dynamic DC activa-
tion signal, the magnitude of the signal 1s maintained at the
peak value (V).

The fall time portion begins at the end of the steady state
portion when deactivation of the MEMS beams 452 1s
desired. During the fall time portion the voltage magnmitude of
the dynamic DC activation signal 1s decreased from the peak
value, to a second intermediate value (V,), and to a third
intermediate value (V,) having a magmitude that 1s greater
than the magnmitude of the mitial value (V) and less than the
magnitude of the second intermediate value. The dynamic
DC activation signal 1s maintained at the second intermediate
value (V,) for the predetermined time period (t_,). The
dynamic DC activation signal 1s maintained at the third inter-
mediate value (V,) for another predetermined time period
(t_;) that 1s less than the predetermined time period (t_,). In
one embodiment, the duration of the fall time period 1is
approximately sixty microseconds and the fall time period
ends 1n response to the dynamic DC activation signal having
the third intermediate value (V) for the predetermined time
period (t_ ;). In another embodiment, the magnitude of the
third intermediate value (V,) 1s substantially equal to the
magnitude of the initial value (V).

As shown 1n FIG. 21, 1n response to a unit step input the
MEMS beams 452 exhibit the under-damped second order
response. In the dynamic DC activation signal, the duration of
the rise time portion and the duration of the fall time portion
are both longer than the duration of the peak time period (t,)
to minimize ringing of the MEMS beams 452 and to minimize
the settling time (t,) of the MEMS beams, as shown by the
beam response (1.e. the gap height) in FIGS. 20 and 21.

What 1s claimed 1s:

1. A tunable cavity resonator comprising;:

a substrate;

a cap structure extending from the substrate, at least one of
the substrate and the cap structure defining a resonator
cavity; and

a tuning assembly positioned at least partially within the
resonator cavity, the tuning assembly including a plural-
ity of fixed-fixed MEMS beams configured for control-
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lable movement relative to the substrate between an
activated position and a deactivated position 1n order to
tune a resonant frequency of the tunable cavity resona-
tor.

2. The tunable cavity resonator of claim 1, wherein:

the tuning assembly includes an actuator assembly, and

the actuator assembly 1s configured to controllably cause
movement of at least one fixed-fixed MEMS beam of the
plurality of fixed-fixed MEMS beams.

3. The tunable cavity resonator of claim 2, wherein the
actuator assembly 1ncludes a plurality of electrodes spaced
apart from the substrate.

4. The tunable cavity resonator of claim 3, wherein:

a plurality of spaces 1s defined between each fixed-fixed
MEMS beam of the plurality of fixed-fixed MEMS
beams and the substrate,

cach electrode of the plurality of electrodes i1s laterally
spaced apart from the plurality of spaces, and

the plurality of fixed-fixed MEMS beams are spaced apart
from the plurality of electrodes 1n the activated position
and the deactivated position.

5. The tunable cavity resonator of claim 2, further compris-

ng:

a DC biasing network spaced apart from the resonator
cavity; and

a DC biasline located partially within the resonator cavity
and electrically coupled to the tuning assembly and to
the DC biasing network.

6. The tunable cavity resonator of claim 5, wherein:

the DC biasline includes a first plurality of electrically
1solated conducting paths and a second plurality of elec-
trically 1solated conducting paths,

cach electrically 1solated conducting path of the first plu-
rality of electrically 1solated conducting paths 1s electri-
cally coupled to at least one of the electrodes of the
plurality of electrodes, and

each electrically 1solated conducting path of the second
plurality of electrically 1solated conducting paths 1s elec-
trically coupled to at least one of the fixed-fixed MEMS
beams of the plurality of fixed-fixed MEMS beams.

7. The tunable cavity resonator of claim 5, further compris-

ng:

an 1nsulating structure positioned between (1) the substrate
and the tuning assembly, (11) the substrate and the cap
structure, and (111) the substrate and the DC biasline, and

wherein the fixed-fixed MEMS beams of the plurality of
fixed-fixed MEMS beams are biased toward the insulat-
ing structure 1n the activated position.

8. The tunable cavity resonator of claim 4, wherein:

the DC biasing network 1s configured to generate a

dynamic activation signal for activating at least one
fixed-fixed MEMS beam of the plurality of fixed-fixed

MEMS beams,
1n response to a unit step activation signal the at least one
fixed-fixed MEMS beam 1s moved from an 1nitial posi-
tion to a peak position 1n a peak time period,
the dynamic activation signal includes a rise time portion in
which a magnitude of the activation signal 1s increased
from an 1nitial value to a peak value,
the rise time portion 1s started in response to the generation
of the dynamic activation signal and ends in response to
the dynamic activation signal having the peak value, and
a duration of the rise time portion 1s greater than a duration
of the peak time period.
9. The tunable cavity resonator of claim 1, wherein the
plurality of fixed-fixed MEMS beams 1s positioned in a rect-
angular array.
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10. The tunable cavity resonator of claim 1, wherein:

the substrate 1s formed from silicon, and

the cap structure 1s formed from silicon.

11. A tunable cavity resonator comprising:

a substrate;

a cap structure extending from the substrate, at least one of
the substrate and the cap structure defining a resonator
cavity;

a tuning assembly positioned at least partially within the
resonator cavity, the tuning assembly including a plural-
ity of fixed-fixed MEMS beams configured for control-
lable movement relative to the substrate and a plurality
of actuators, each actuator of the plurality of actuators
being configured to controllably cause movement of one

of the fixed-fixed MEMS beams of the plurality of fixed-
fixed MEMS beams;
a DC biasing network configured to generate a dynamic

activation signal for activating at least one fixed-fixed
MEMS beam of the plurality of fixed-fixed MEMS
beams,

wherein 1n response to a unit step activation signal the at
least one fixed-fixed MEMS beam 1s moved from an
initial position to a peak position 1n a peak time period,

wherein the dynamic activation signal includes a rise time
portion 1n which a magnitude of the activation signal 1s
increased from an initial value, to a first intermediate
value, and then to a peak value,

wherein the rise time portion 1s started in response to the
generation of the dynamic activation signal and ends 1n
response to the dynamic activation signal having the
peak value,

wherein the dynamic activation signal 1s maintained at the
first intermediate value for a first predetermined time
period,

wherein a duration of the rise time portion 1s greater than a
duration of the peak time period,

wherein a plurality of electrostatic spaces 1s defined
between each fixed-fixed MEMS beam of the plurality
of fixed-fixed MEMS beams and the substrate, and

wherein each actuator of the plurality of actuators 1s spaced
apart from the plurality of electrostatic spaces.

12. The tunable cavity resonator of claim 11, wherein a
duration of the first predetermined time period 1s substantially
equal to the duration of the rise time period.

13. The tunable cavity resonator of claim 11, further com-
prising:

a DC biasline located partially within the resonator cavity
and electrically coupled to the tuning assembly and to
the DC biasing network,

wherein the DC biasing network 1s spaced apart from the
resonator cavity.

14. The tunable cavity resonator of claim 11, wherein:

the dynamic activation signal includes a fall time portion 1n
which the magnitude of the dynamic activation signal 1s
decreased from the peak value, to a second intermediate
value, and to a third intermediate value,

wherein the fall time portion 1s started 1n response to the
dynamic activation signal being decreased from the peak
value and ends in response to the dynamic activation
signal having the third intermediate value, and

wherein a duration of the fall time portion 1s greater than a
duration of the peak time period.

15. The tunable cavity resonator of claim 14, wherein:

the dynamic activation signal 1s maintained at the second
intermediate value for a second predetermined time
period,
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a duration of second predetermined time period 1s substan-

tially equal to the duration of the fall time period.
16. The tunable cavity resonator of claim 15, wherein a
magnitude of the third intermediate value 1s substantially
equal to the initial value.
17. The tunable cavity resonator of claim 15, wherein a
magnitude of the third intermediate value 1s greater than a
magnitude of the initial value and 1s less than a magnitude of
the second intermediate value.
18. A method of tuning a tunable cavity resonator including
a plurality of MEMS beams and a DC biasing network elec-
trically coupled to the plurality of MEMS beams and config-
ured to generate a dynamic activation signal for controllably
moving at least one of the MEMS beams between an activated
position and an 1mitial position, the method comprising:
increasing a voltage magnitude of the dynamic activation
signal from an 1nitial value to a peak value during a
rise-time time period, the rise-time time period ending in
response to the voltage magnitude being the peak value;
and
causing at least one MEMS beam to move from the 1nitial
position to the activated position 1n response to 1ncreas-
ing the voltage magnitude of the dynamic activation
signal, the at least one MEMS beam being 1n the acti-
vated position at the end of the rise-time time period,

wherein 1n response to a unit step activation signal the at
least one MEMS beam 1s moved from an 1nitial position
to a peak position 1n a peak time period,

wherein a duration of the rise time portion 1s greater than a

duration of the peak time period, and

wherein a magnitude of the peak position 1s greater than a

magnitude of the activated position.
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19. The method of claim 17, further comprising:

decreasing a voltage magnitude of the dynamic activation
signal from the peak value to the initial value during a
fall-time time period, the fall-time time period ending 1n
response to the voltage magnitude being the initial
value; and

causing the at least one MEMS beam to move from the
activated position to the 1nitial position in response to the
decreasing the voltage magnitude of the dynamic acti-
vation signal, the at least one MEMS beam being 1n the
initial position at the end of the rise-time time period,

wherein a duration of the fall-time time portion 1s greater
than a duration of the peak time period.

20. The method of claim 17, further comprising:

maintaiming the voltage magnitude of the dynamic activa-
tion signal at a first intermediate value for a first prede-
termined time period during the rise-time time period;
and

maintaining the voltage magnitude of the dynamic activa-
tion signal at a second intermediate value for a second
predetermined time period during the fall-time time
period,

wherein the first intermediate value 1s greater than the
initial value and 1s less than the peak value,

wherein the second intermediate value 1s greater than the
initial value, 1s less than the peak value, and 1s less than
the first intermediate value,

wherein a duration of first predetermined time period 1s
substantially equal to the duration of the rise-time time
period, and

wherein a duration of second predetermined time period 1s
substantially equal to the duration of the fall-time time
period.
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