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Abstract—This paper presents the modeling, design, fabri-
cation and measurement of MEMS-enabled continuously tun-
able evanescent-mode electromagnetic cavity resonators and fil-
ters with very high unloaded quality factors (Q.). Integrated
electrostatically-actuated thin diaphragms are used for the first
time for tuning the frequency of the resonators/filters. An
example tunable resonator with 2.6:1 (5.0 — 1.9 GHz) tuning
ratio, @, of 300 — 650 is presented. A continuously tunable 2-
pole filter from 3.04 GHz to 4.71 GHz with 0.7% bandwidth and
insertion loss of 3.55 — 2.38 dB is also shown as a technology
demonstrator. Mechanical stability measurements show that the
tunable resonators/filters exhibit very low frequency drift (less
than 0.5% for 3 hours) under constant bias voltage. This
paper significantly expands upon previously reported tunable
resonators [1].

Index Terms—Evanescent-mode cavity, MEMS, quality factor,
tuning, tunable filter, tunable resonator, electrostatic actuation

. INTRODUCTION

UNABLE RF/Microwave filters are essential components

for the next generation reconfigurable radio front-ends in
wireless communication systems with multi-band and multi-
standard characteristics [2]. Severa technologies exist for
making tunable RF/Microwave filters. Yttrium-lron-Garnet
(Y1G) resonator based tunable filters are the most widely
used and exhibit a very wide tuning range over multiple
octaves and a very high unloaded quality factor @, (10,000
at 10 GHz) [3]. Nevertheless, the large volume (approximately
1in3) and high power consumption (0.75—3 W) of YIG based
tunable filters hinder their integration into mobile communi-
cation systems. Alternative approaches have been proposed
to make miniaturized tunable RF/Microwave filters. These
approaches are based on micromechanical resonators [4]—
[6], cavity filters [7], [8], planar transmission line resonators
loaded with solid-state varactors [9], ferroel ectric-tuned varac-
tors [10]-{12] and MEMS varactors/switches [13]-{15]. These
technologies have achieved either a) very high @ ,, at the cost
of limited tuning range (< 2%), such as micro-mechanical
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filters[6]; or b) high tuning range at the cost of low @ ., (< 200
@ 5 GHz), such as MEMS varactor tuned filters.

Recently, however, there has been some successin realizing
widely tunable filters with simultaneous high-Q., and low
insertion loss using evanescent-mode cavity resonators with
MEMS tuners [1], [16]-{18]. In [16], Hou et &. presented
preliminary results on tunable micromachined evanescent-
mode resonator with @, of 200 at 2.5 GHz and 120 at 4
GHz. Joshi et a. demonstrated substrate integrated evanescent-
mode tunable filters with high tuning range (2.3 — 4 GH2)
and high @, (360 — 700) [17]. Both designs use an externa
piezoelectric actuator as the tuning element. The well-known
hysteresis and creep of piezoelectric actuators present signif-
icant system level problems for these tunable resonators and
filters (see Section |11 for detailed discussion). In [18], Park et
al. demonstrated a 2-pole evanescent-mode filter using MEMS
varactor networks. The achieved tuning range and @, was
limited to 4.3 — 5.5 GHz and 273 — 511 respectively. In [1],
the authors of this paper demonstrated a tunabl e resonator with
@, of 460 — 530 in the 3.4 — 6.2 GHz range. An electrostatic
thin diaphragm MEMS tuner was used for its high precision,
high reliability and near zero hysteresis.

In this paper, we build on our previous work and investigate
the use of electrostatically-actuated evanescent-mode cavity
resonators for making tunable RF/Microwave filters with si-
multaneous wide tuning range and high @ .. Specificaly, in
relation to [1], we present the optimized results of tunable
resonators with state-of-the-art performancein terms of tuning
range (1.9 — 5.0 GHz, i.e. 2.6:1 ratio), Q. (300 — 650) and
stability. The modeling methodology and design trade-offs of
electrostatically-actuated MEMS tuner are discussed in detail
with focus on the interdependences of tuning range, actuation
voltage, tuning speed and long term stability. The design,
fabrication and characterization of a 3.04 — 4.71 GHz two-
pole tunable bandpass filter with insertion loss of 3.55 — 2.38
dB is presented as a demonstrator for this technology.

The organization of this paper is as follows. In Section II,
the fundamental concepts and design methods of evanescent-
mode cavity resonators are reviewed and presented. Section 11
discusses the various design considerations and trade-offs for
the electrostatic thin diaphragm MEMS tuner. Section 1V
presents the fabrication and assembly techniques for making
the proposed tunable resonators/filters. Measurement and dis-
cussions of the fabricated tunable resonator are presented in
Section V. In Section VI, the design and measurements of a
2-pole tunable bandpass filter are presented.
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I1. DESIGN OF THE EVANESCENT-MODE
ELECTROMAGNETIC CAVITY RESONATOR

Evanescent-mode waveguide filters have recently attracted
great interest for realizing low-loss, highly-selective tunable
filters for reconfigurable RF front-ends [23], [24]. Compared to
half-wave cavity resonators, evanescent-mode resonators offer
significant advantages. These including substantially smaller
volume and weight, larger spurious-free region and improved
feasibility for monolithic integration, while maintaining very
high Q. [23], [24].

The resonant characteristics of capacitive-post-loaded
evanescent-mode cavity resonators are well-studied in the
literature [24], [25]. The resonant frequency and @ ,, are found
to be functions of the cavity size, post size and the gap between
the post top and cavity ceiling. In the highly-loaded case,
i.e. when the capacitive gap g between the post and the cavity
top wall is very small, the resonant frequency is very sensitive
to g. A gap change in the order of micrometers can result in
a frequency change of severa GHz.

Fig. 1 shows the simulated resonant frequency and Q.
of a highly-loaded evanescent-mode cavity with a varying
capeacitive gap. This simulation is conducted with Ansoft
HFSS, which is a Finite Element Method (FEM) based full
wave electromagnetic solver [26]. The radius b and height A
of the cylindrical cavity are 8 mm and 4.5 mm respectively.
The post radius a is 1 mm and g is swept between 5 — 50
um. Copper (conductivity of 5.8 x 107 S/m) is used as the
internal boundary of the cavity resonator. It can be seen that
Q. isinthe 700 — 2000 range in between 2 — 6 GHz, which
is much higher than lumped element and planar transmission
line based resonators [27].

It isworth noting that in the highly-loaded case, the resonant
wavelength is much larger than the size of the post. For
example, in the above simulation, the resonant wavelength at
g =5 pmis 133 mm whereas the radius of the post is 1 mm.
Fig. 2(a) shows an approximate illustration of the electric and
magnetic field inside a highly-loaded evanescent-mode cavity
resonator. The uniform electric field between the cavity top
and the post suggests that the region above the post can be
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Fig. 1. Simulated resonant frequency and unloaded quality factor @, of an
evanescent-mode resonant cavity. Dimensions of the cavity ale a = 1 mm
b=8 mm, h = 4.5 mm.
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Fig. 2. Quasistatic modeling of highly-loaded evanescent-mode cavity
resonator. (a) Field distribution in highly-loaded evanescent-mode resonator;
(b) Equivalent circuit model; (c) Post capacitance.

modeled by a lumped capacitor, while the toroidal magnetic
field around the post suggests that the post and sidewall of
the cavity can be modeled by a shorted coaxia line, which
represents an effective inductor at the fundamental resonant
frequency.

Therefore, the resonant frequency of an evanescent-mode
cavity resonator can be found by equating Z; and Z., which
are the impedances looking into the capacitive region and the
inductive region respectively (Fig. 2(b)).

Zl + Zc = O~ (1)
Zo tan Al + —— 0 @
an -— 0 = U.
J 0 jQWprost
Zotan(2nf, ) = e ©
o tanlEm TCO B 27"-frc(post7

where f, is the resonant frequency, [ is the post height, ¢ is
the free space speed of light, C,,; is the effective capacitance
of the post and Z, is the characteristic impedance of the
coaxial line, which is determined by the post diameter a and
cavity diameter b.

Egn. (3) can be solved numerically once the post capaci-
tance C)os: is known. Previously, C,,s: has been evaluated
by using the parallel-plate capacitance C), as a first-order
approximation [1], [16]. More careful modeling requires the
effect of fringing field capacitance C;; to be taken into
consideration.

An evanescent-mode tunable cavity resonator is designed
for 2 — 6 GHz range as a vehicle to demonstrate the proposed
concepts. To achieve size reduction and better integration with
other circuit components, the evanescent-mode resonant cavity
is integrated into a Rogers TMM®-3 microwave substrate
[28]. Fig. 3 shows the concept drawing of the designed
resonant cavity. Copper plated vias are used to connect the
top and bottom metal layer to form the evanescent-mode
cavity. The capacitive post is machined from the substrate
and electroplated with copper. Shorted coplanar waveguides
(CPW) are used as the input and output feeding structures. The
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Fig. 3. Concept drawing of the evanescent-mode cavity in Rogers TMM®-3
substrate. The MEMS actuator, which is not shown in this drawing, is to be
discussed in Section II1.

transverse magnetic field of the shorted CPW is coupled with
the toroidal magnetic field (Fig. 2(a)) around the capacitive
post to achieve input and output coupling. Dimensions of the
cavity design are labeled in Fig. 3.

Fig. 4 shows the simulated resonant frequency and @, of
the designed tunable resonator. The thickness of the top wall
of the cavity (not shown in Fig. 3) is assumed to be 0.5 ym
in the simulation. It can be seen that the resonant frequency
changes from 2 GHz to 6 GHz when gy changes from 2 um
to 17 um. This leads to a simulated @,, change from 350 to
1100. It is obvious that a deflection of ~ 15 um is needed to
achieve a tuning ratio of 3 : 1, and ~ 10 um is needed for
2 : 1. Such large deflections present challenges to the design
of the MEMS tuner, which will be discussed in detail in the
next section.
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Fig. 4. Simulated resonant frequency and @,, of designed tunable evanescent-
mode cavity resonator. The MEMS actuator is assumed to have a maximum
stroke of 15— 20 um. Dimensions of the design in this simulation are shown
in Fig. 3.

I11. DESIGN AND INTEGRATION OF MEM S DIAPHRAGM
TUNER

A. Actuation Scheme

Freguency tuning is achieved by deflecting a thin metallic
diaphragm which is placed on top of the evanescent-mode
cavity (Fig. 6). Several methods can be used for the actuation
of the diaphragm, including electrothermal, piezoelectric and
electrostatic actuations. The high power consumption and low
speed of electrothermal actuation makes it undesirable for
portable applications. Piezoelectric actuation consumes little
power and can generate high actuation force. Joshi et al.
demonstrated piezo-actuated evanescent-mode tunable filters
with high @, and a wide tuning range [17]. However, it is
well known that piezoelectric actuators have hysteresis and
creep problems [19]{22]. As an example, a piezo-actuator
used in [17] is taken for deflection measurement using an
Olympus LEXT® microscope. The LEXT® isalaser confocal
microscope and has a measurement uncertainty of < 0.1 um.
Fig. 5 shows the deflection of the piezo-actuator with bias volt-
age cycled between —210 V to 210 V. Hysteresis is observed
over severa cycles. With the hysteresis and creep behaviors
of the piezo-actuator, repeatable and reliable frequency tuning
with high precision can become a system level problem.
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Fig. 5. Deflection measurement on a piezo-actuator used in [17] shows

substantial hysteresis.

Electrostatic actuation, on the other hand, can be precise,
reliable and hysteresis-free. Therefore we choose to use elec-
trostatic actuation in this work. Fig. 6 shows a concept drawing
of the electrostatic diaphragm actuator. The diaphragm consists
of a layer of gold deposited on the released device layer
of an silicon-on-insulator (SOI) wafer. Due to its stress-free
and defect-free nature, the single-crystal silicon device layer
serves as a flexible yet robust mechanical support to the gold
layer. The Au-Si composite diaphragm is packaged on top
of the capacitive post to form the tunable resonator. When
a bias voltage is applied to the actuation electrode placed a
distance dy above the diaphragm, electrostatic force will pull
the diaphragm away from the capacitive post to change the
resonant frequency. An important advantage of using a planar
diaphragm is that it does not distort the natural current flow
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Fig. 6.

(b)

Concept drawing of the MEMS thin diaphragm tuner. (8) The

integration of thin diaphragm tuner with the evanescent-mode resonant cavity;
(b) A close-up view of the MEMS tuner.

and preserves the high @, of the cavity resonator, leading to
very low filter insertion loss. This design is aso inherently
reliable and tolerant to material and process variations due to
the use of SOI-based fabrication process.

B. Electro-mechanical Considerations

Several parameters are of concern in the design of the elec-
trostatic actuator, including tuning range, actuation voltage,
tuning speed and long term stability.

1)

2)

Tuning Range

The maximum deflection of the diaphragm directly
relates to the tuning ratio of the resonator. Indeed, the
tuning ratio is roughly given by (4) [1]

Ropan % 1 Ldo/?’. @)
g0

It can be seen that the tuning ratio can be increased by
decreasing theinitial gap go. However, excessively small
go can cause significant difficulty in the accuracy and
yield of the tunable resonator. @, is also compromised
with asmall go. In this design, an initial gap go = 2 pm
is used with consideration given for both high tuning
range and high Q. In order to achieve a tuning ratio of
> 2:1, aminimum dy of 30 pum is required.

Actuation Voltage

It is generaly desirable to keep the actuation voltage
as low as possible. In tunable filters with multiple res-
onators, the resonant frequency of each resonator must
be precisely aligned according to the specific design.
Therefore analog tuning of the resonant frequency is

3

highly desirable. In the analog tuning region of an
electrostatic actuator, the maximum actuation voltage
can not exceed the pull-in voltage. The pull-in voltage
Vpi of the diaphragm tuner is given by (5), in which W
is the side length of the square bias electrode, d is the
initial actuation gap and k is the spring constant for the

diaphragm [27].

8kd}
27eW?2 ©)

The spring constant of a circular diaphragm is given
by

Vyi =

, I Et? 2ot
b=k rh= 0.0138 w2 = 7.2 ©
where w and ¢t are the diaphragm side length and
thickness, F is the Young's modulus, and o is the
residua stress[29], [30]. As previously noted, the single
crystal silicon devicelayer isanearly stress free material
and the residual stressis mainly dueto the thin Au layer.
For thin diaphragms, the k& term dominates the spring
constant value in the presence of practical residual stress
(> 5 MPa). For example, for a 3.5 pum thick diaphragm
(0.5 um Au on top of 3 um single crystal silicon) with
asize of 2 x 2 mm?, Au residual stress of 30 MPa and
a dy of 40 pum, the pull-in voltage is 415 V.

To lower the actuation voltage to an acceptable range,
it is desirable to lower the spring constant & by reducing
either the residual stress or the thickness of the Au
film. However, the reduction of residual stress in the
Au film is limited by fabrication process tolerances and
extremely low stress (< 5 MPa) is very difficult to
achieve [27]. Reduction of the Au film thickness also
comes with a penalty in higher RF loss. The Au skin
depthat 2—6 GHz rangeis 1.76—1.02 um. It isdesirable
to have a Au layer thickness larger than the skin depth at
this frequency range. Careful compromise must be made
in choosing Au film thickness from the mechanical point
of view. Fig. 7 shows HFSS simulations of the @, of an
evanescent-mode resonator with different Au thickness
on the top wall. It can be seen that there is a significant
drop in @, for Au thickness less than 0.5 um at 2 — 6
GHz.

Whereas a high spring constant & is limited by process
tolerance and quality factor requirements, the size of
the diaphragm can be increased to reduce the actuation
voltage. Although a larger diaphragm has relatively
insignificant impact on k£ (diaphragm size only comes
into play in the k&’ term, which is dominated by the
k" term), it can accommodate a larger bias €lectrode,
therefore reducing the required actuation voltage.

Long Term Mechanical Stability

Long term mechanical stability is an additional ben-
efit of using a larger diaphragm. The high @, of the
evanescent-mode tunable resonator makes it a promising
candidate for use in very narrow band tunable filters. For
such filters, frequency precision and stability is a critical
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Simulated Q. with different Au thin film thickness. Cavity

dimensions are the same as in Fig. 4

4)

concern. In order to improve the frequency stability
and compensate for any frequency misalignment due
to fabrication tolerances, a closed-loop control system
is needed to continuously monitor and adjust the bias
voltage to maintain a stable frequency response. In order
to ease the control loop design, the proposed tunable
resonator needs to have a stable frequency response.

It is well known that material creep and viscoelas-
ticity are important factors affecting the long term
performances of MEMS devices. Creep is defined as
the strain response of a material under constant stress.
Viscoelasticity is referred to as the time dependent
response to an applied force. It has been shown that
creep/viscoelasticity leads to material property change
under non-zero loading over time. These parameter
changes are often characterized as an effective Young's
modulus drift [31], [32].

In our tunable resonator design, the effective Young's
modulus drift will result in resonant frequency shift
over time. It has been shown that the effective
Young's modulus drift rate is directly related to the
induced stresg/strain in the actuating structure. Lower
stress/strain results in lower drift. Fig. 8 shows the
simulated induced stresses in sguare diaphragms of
different sizes at varying deflections. Simulation is done
with the Coventorware MEM S simulation package [34].
It is shown that larger diaphragms have inherently lower
stress for a given deflection. Apart from lower actuation
voltage, larger diaphragms also demonstrate lower fre-
guency drift rates.

Tuning Speed

The compromise of employing a relatively large
diaphragm lies in dower response time due to its
larger mass and smaller spring constant. For example,
Fig. 9 shows the calculated actuation time for square
diaphragms of varying side lengths using a simple 1-D
spring-mass model [27]. The thicknesses of the Si and
Aufilm are assumed to be 3 um and 0.5 um respectively.
A residual stress of 30 MPa is used in the calculation
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Fig. 8. Simulated induced stress in actuated square diaphragms of different
sizes (side length).
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Fig. 9. Calculated actuation speed of diaphragms of varying sizes.

and a mechanical Q of 0.1 is assumed. It can be seen
from Fig. 9 that larger diaphragms take longer time to
actuate. To improve the tuning speed, air vent holes can
be added to the diaphragm. In such a case, the air holes
may adversely affect the ., of the resonator.

5) Temperature Stability

Temperature stability may be another concern for
the SOI-based diaphragm tuners. The use of different
materials with different coefficients of thermal expansion
(CTE) in the fabrication process need to be considered
as well. As mentioned in Section 111-B-3), however,
a close-loop feedback control system can be used to
compensate for any frequency drift due to environmental
perturbations. This is in general necessary for high-Q
tunable systems [35].

From the above discussion, it is clear that careful consid-

eration and suitable compromises among the resonator’s actu-
ation voltage, frequency tunability, quality factor, mechanical
robustness/stahility, resistance to creep and tuning speed need
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(e)
Fig. 10. Fabrication process for MEMS diaphragm: (a) AZ9260 patterning;

(b) DRIE; (c) Oxide etch; (d) Au sputter; (€) Fabricated MEMS Diaphragm
piece.

to be made to satisfy the requirements of a given application.

IV. FABRICATION TECHNOLOGY

The fabrication process of the tunable resonator involves
standard microfabrication processes and conventional machin-
ing techniques. It consists of three parts: 1) the SOI diaphragm
piece, 2) the bias electrode piece, and 3) the cavity piece.
Fig. 10-13 summarizes the fabrication process.

A. MEMS Diaphragm

The fabrication of the MEMS diaphragm starts with pat-
terning an AZ9260 photoresist layer on the handle layer side
as an etching mask for deep reactive ion etching (DRIE).
The buried oxide layer has very high selectivity (> 200:1) to
silicon in the DRIE process and serves as an etch stop layer.
The oxide layer is etched in Buffered-Oxide Etchant (BOE)
after the handle layer is etched by DRIE. The device silicon
layer is released after the removal of the oxide layer. The
released diaphragm is flat due to the extremely low residua
stress in the device silicon layer. A 0.5 um thick Au layer is
then deposited on top of the released silicon diaphragm by DC
sputtering. The sputtering condition is carefully controlled to
achieve a low tensile stress in the metal layer. Fig. 11 shows
an SEM image of the fabricated MEMS thin diaphragm (with
the diaphragm cleaved along the anchor to reveal the cross-
sectional structure.)

B. Bias Electrode

The bias electrode consists of two pieces of silicon bonded
together. The thickness of the smaller piece h is controlled
by timed wet etching in a 25% TMAH solution at 80°C. The
etching condition ensures < 0.1 pm thickness control and a
very smooth surface finish. The two pieces are then metalized
with Au on both sides and bonded together by Au-Au thermal-
compression bonding at 350°C and 50 MPa pressure. A layer
of 2 um Parylene-C is deposited on the smaller piece side to
create an insulation layer for biasing.

$4800 5.0kV 10.0mm x10.0k SE(U)

Fig. 11. SEM image of the fabricated MEMS diaphragm piece. The
diaphragm is cleaved along the anchor to reveal the cross-section structures.

(d)

(c) (e)

Fig. 12. Fabrication process for bias electrodes: (a) Top silicon piece; (b)
Au sputter; (c) Au-Au thermal compression bonding; (d) Parylene deposition;
(e) Fabricated electrode.

C. Evanescent-mode Cavity

The cavity with the capacitive post is machined from a
Rogers TMM®-3 substrate. The process starts with drilling
vias which form the boundary of the resonant cavity and
the feeding coplanar waveguide structure. Then a milling-
machine is used to create the capacitive post by removing
the surrounding substrate material. The vias and the post are
then metalized by electroplating 17m of copper. A second
milling removes more substrate materia to increase the @,
of the resonator by reducing dielectric loss. Finaly the top
copper layer of the cavity and the capacitive post is polished
to reduce the surface roughness.

D. Assembly

The SOI diaphragm piece is attached to the cavity by
the 118-09A/B-187 conductive silver epoxy from Creative
Material, Inc [33]. To accurately control the gap between the
post and the diaphragm, the assembly is performed while the
resonator is connected to a network analyzer. The resonant
frequency is monitored in real time as the diaphragm piece is
mounted on the resonator. The position of the diaphragm piece
can be adjusted until the desired frequency is achieved. The
assembled sample is then cured at room temperate until the
solvent content of epoxy precursor fully evaporates. After the



JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. XX, NO. XX, FEBRUARY 2010 7

-
1
1
1
1

4

Cu\ _ N .
(HIESEESHEE . Lid .
1
L - ——-

(a) C)

(b)

ELiJE

Fig. 13.  Fabrication process for evanescent-mode cavity: (8) TMM®-3
substrate with double side copper laminate; (b) Via and post milling; (c)
Cu plating; (d) Cavity milling; (€) Fabricated cavity piece. The dashed line
in (d) represent the boundary of the electromagnetic resonant cavity.

Fig. 14. Fabricated evanescent-mode electromagnetic tunable cavity res-
onator. The bias electrode in this figure is not permanently fixed to the
resonator to reveal the thin diaphragm tuner.

assembly is completed, two SMA connectors are soldered to
both ends of the resonator to characterize the RF performance.

From a production stand point, it is desirable to have
accurate and repeatable control over the gap. However, the
current technology using TMM®-3 substrate is limited by the
surface roughness of the substrate and the copper laminate.
A bonding process with a precise vertical alignment is being
developed using Si micromachined evanescent-mode cavities.
This holds great promise in achieving a low-cost reliable
assembly for tunable resonators.

V. MEASUREMENTS AND DISCUSSION
A. Actuation Measurement

The deflection of the thin diaphragm under different bias
voltages is measured with an Olympus LEXT® microscope
that has a measurement uncertainty of < 0.1 pum. Fig. 15(a)
shows the measurement setup. The bias electrodeis placed un-
derneath the diaphragm tuner. Bias voltages ranging between
0—130 V are applied to actuate the diaphragm. The deflection
of the center point of the diaphragm is recorded with the LEXT
at each bias voltage.

Fig. 15(b) shows the measured deflection-voltage profile. A
maximum deflection of 14.3 um is achieved before pull-in at
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100

Fig. 15. Deflection-voltage measurement of the MEMS thin diaphragm tuner.
A maximum deflection of 14.3 pm is achieved.

122 V. The large range of diaphragm movement ensures a high
tuning range for the tunable resonator. The extracted initial
gap go and bias gap dy are 1.8 + 0.01 um and 40 + 2 pum
respectively. No hysteresis is observed in the analog tuning
region.

B. RF Measurements

The RF measurements of an assembled tunable resonator
are taken with an Agilent 8722ES vector network analyzer.
The tuning response of the measured resonator is shown in
Fig. 16. The resonator is intentionally designed to be weakly
coupled for more accurate extraction of the resonant frequency
and Q..

With less than 120 V bias voltage, the resonant frequency
of the tunable resonator can be tuned between 5.0 — 1.9 GHz,
achieving a tuning ratio of 2.6:1. Although only a selection of
measurements are shown in Fig. 16(a), the frequency tuning is
fully analog with < 100 kHz precision. A 1-2 mV precision in



JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. XX, NO. XX, FEBRUARY 2010 8

0 T T T T T T T T

120V
sov 90v 100v 110V 0
o
=
c
Ee]
3
€
(%2}
o
o
'_
Frequency [GHZz]
(a)
1200 T T T T T T T T
—u— Measured
HFSS Simulation
900 E
S
|8}
&
> 600 E
£
>
(]
300 ]
0 1 1 1 1
1 2 3 4 5 6
Frequency [GHz]
(b)
Fig. 16. Measured weakly-coupled transmission (a) and extracted Q. (b)

of the fabricated tunable resonator.

the control of bias voltageis required to achieve this frequency
precision.
Q. is extracted using (7).

Qm
Qu = 1_ 10-1L/10° (7
where Q,,, is the measured quality factor and IL is the
measured insertion loss at the resonant frequency.

With weakly coupled resonators, the extracted @ ., is less
sensitive to the measurement accuracy of the insertion loss.
The extracted @,, of the tunable resonators are 300 — 650 be-
tween 1.9—5.0 GHz, achieving state-of-the-art performancein
MEMS tunable resonators. When compared with simulation,
however, the measured (Q,, are lower than the simulated ones
(Fig. 16(b)) by about 40%. Part of the reason for this reduction
isthe use of silver epoxy as the intermediate bonding material.
The conductivity of the silver epoxy is around 2 x 105 S/m
[33], which is about one order of magnitude lower than those
of Au (4.1 x 107 §m) and Cu (5.8 x 107 §/m). Obviously, the
Q.. can be improved by using higher conductivity material for
bonding. For example, Au-Au thermal-compression bonding
has been shown to preserve the @O, of electromagnetic cavity
resonators [23].

C. Sability Measurements

As discussed in Section 111, material creep and viscoelastic-
ity causes material property change over time when constant
stress is applied. In MEMS structures this is typically seen
when a stimulus is applied over longs periods of time. In the
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Fig. 17. Measured absolute frequency stability (a) and percentage drift (b)

of an evanescent-mode tunable resonator.

case of this tunable resonator design, material creep in the
deflected diaphragm causes a frequency drift if the diaphragm
is biased under a constant voltage for several hours. It is
therefore important to consider this parameter in the filter
design so the filter control becomes as simple as possible.
The frequency stability of the fabricated resonators is tested
by applying a constant bias voltage on the resonator and
continuously recording the resonant frequency. Every two
minutes ten samples were averaged to result in a recording.
Fig. 17 shows the measured absolute and percentage fre-
guency drifts at different bias voltages. The tunable resonator
exhibits very small frequency drift (< 0.6% in 3 hours). The
frequency drift follows an exponential curve that qualitatively
agrees with the anelastivity/creep characteristics observed in
[32]. For example, with 40 V bias voltage, the percentage
frequency drift is 0.2% at the end of 12 minutes and increases
t0 0.4% at the end of 62 minutes. In 3 hours, the total drift is
less than 0.6% and the drfit rate further decreases afterwards.
It is interesting to note that the resonator exhibits smaller
percentage frequency drifts at higher bias levels. The principal
reason for this lower percentage frequency drift is that ¢ is
larger at larger bias voltages. For example, the diaphragm
is 5.7 pm and 16.2 ym away from the post at 40 and
110 V bias respectively. Although the deflection drift due to
creep/viscoelasticity is larger at 110 V (extracted to be 93 nm
at 2 hours compared to 59 nm at 2 hours of 40 V), the incurred
percentage frequency drift is smaller at 110 V bias (Fig. 17).
Asdiscussed in Section. 111, afeedback control systemisre-
quired in real-world applications to compensate for frequency
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Fig. 18. Design illustration of the 2-pole tunable filter. (a) Bottom view

of the designed filter coupling structures; (b) Equivalent circuit of the 2-pole
evanescent-mode tunable filter.

perturbations due to environmental changes, such as temper-
ature, shock and vibration. The small frequency drift will
greatly simplify the design of the feedback control circuitry
when the tunable resonator is used in a real-world application.

VI. 2-PoOLE EVANESCENT-MODE RF MEM S TUNABLE
FILTER

A. Design

A 2-pole tunable bandpass Butterworth filter of 0.7 %
fractional bandwidth for 3—6 GHz is designed as a technology
demonstrator. Higher order filters can also be designed using
the same approach outlined in this section.

Fig. 18(a) shows the concept drawing of the 2-pole filter.
Coupling iris formed by metalized vias are used to control
coupling strength between the two resonators. As with the
resonator design, shorted CPW lines are used as the input and
output feed structures.

In designing direct coupled resonator filters, the external
quality factor Q. and the inter-resonator coupling k. need to
be carefully designed to give the desired frequency response.
The value of the required Q. and k. can be calculated from
the Butterworth lowpass prototype [36].

0, = P91

=202
A )

(8)

A
ke = —— = 0.0035, 9)
9192
where A is the fractional bandwidth and gy = 1, g1 = 1.414,
go = 1.414 are the 2nd order Butterworth low-pass prototype
values.

Fig. 20. Fabricated 2-pole evanescent-mode cavity tunable filter.

Full-wave simulation in HFSS is used to correlate (). and
k. with the dimensions of the external and internal coupling
structures. Q. is primarily determined by the length of the
shorted CPW feed lines cpw_I. The inter-resonator coupling
coefficient k. is determined by the distance p_d between the
two capacitive posts and the opening width of the coupling
iris nz. Fig.19 shows the relationship between cpw_I, nxz and
Q., k.. Critica dimensions of the final design are labeled in
Fig. 18(b).

B. Measurements

The filter is fabricated in a similar process as discussed
in Section 1V. Two separate MEMS diaphragm actuators are
packaged on top of two evanescent-mode resonant cavities.
Fig. 20 shows the fabricated evanescent-mode tunable filter.
Fig. 21 shows the measured tuning response of the fabricated
filter.

An Agilent 8722ES network analyzer is used to measure
the frequency response of the tunable filter under different
bias voltages. Because of assembly tolerances, the gy of the
two resonators are not identical, leading to different initial
resonant frequencies and tuning characteristics. Separate bias
voltages are therefore needed to synchronize the resonant
frequencies of the two resonators to give the desired bandpass
filter response. In tuning the center frequency of the filter, the
two bias voltages need to be individually adjusted.
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TABLE |
COMPARISON OF TUNABLE FILTER TECHNOLOGIES
Technolo Center Tuning 0 Impedance Fabrication Resistance to
Y Frequency Ratio (%) “ P Integration Shock/Vibration
This work MEMS 3D 3.85 GHz 44% 300—650 50 2 Good Fair
[18] MEMS 3D 4.95 GHz 23.7 % 273—511 50 Q Good Good
[4] u-mechanical 400 kHz < 1% 40, 000 i(()) - 100 Very good Very good
[6] pu-mechanical 810 MHz 2% g’ 888 T 59Q Very good Very good
[8] MEMS 2.5D 15.5 GHz 3% ‘11280 500 Good Fair
[14] MEMS Varactor 20 GHz 10% 50 50 Q Very good Good
[11] BST Varactor 226 MHz 57% 60 50 Q Very good Excellent
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&
o S0F s, Rl Ny the performance of the fabricated tunable filter. The tunable
S21 — Sy filter demonstrates @@, of 470 — 645, with insertion loss of
-40 L -40 . L :
3.00 3.06 312 46 27 28 399 — 238 _dB and 3-dB bandwidth of 20.4 — 35_.6 MHz
Frequency [GHz] © Frequency [GHZ] across the tuning range. These results are compared with other
tunable filter technologies in Table. I. Our results represent
Fig. 21.  Measured frequency response ((8) Se1 and (b) Si1) of the the state-of-the-art performances in MEMS tunable filters at

evanescent-mode tunable filter under different bias voltages. Close-up views
of the passband response at the lower end and higher end of the tuning range
are shown in (c).

Although only a selection of data points are shown in
Fig. 21, the filter is continuously tunable from 3.04 — 4.71
GHz, demonstrating atuning ratio of 1.55:1. Dueto fabrication
tolerances, the required tuning voltages are less than 140 V, as
compared to 120 V in the resonator case. Fig. 22 summarizes

microwave frequencies.

VIl. CONCLUSION

The modeling, design and fabrication techniques for
MEMS-enabled widely tunable, high-Q, evanescent-mode
cavity resonators and filters are presented in this paper. Elec-
trostetic actuation of SOl-based thin-film MEMS diaphragm
enables highly reliable operation with no hysteresis and ex-
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cellent mechanical stability. A continuously tunable resonator
from 1.9 t0 5.0 GHz (2.6:1 tuning ratio) with @, of 300 —650
is demonstrated. The required electrostatic voltage is less than
120 V. A 2-pole continuoudly tunable filter is also designed
and measured covering 3.04 — 4.71 GHz (1.55:1 tuning ratio)
with insertion loss of 3.55 — 2.38 dB for a 3-dB bandwidth of
0.7%. Further advancement of the low-temperature bonding
techniques will result in even higher quality factors and
reduced RF losses for the resonators and filters. Research on
improving the bonding technology is currently underway.
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