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Abstract—This paper presents the first theoretical and
experimental study on the power handling capabilities of
electrostatically-tunable MEMS cavity filters. The theoretical
analysis indicates that the frequency-dependent RF voltage inside
a narrow-band filter may play an important role in the generation
of electromechanical non-linearities such as frequency response
distortion, frequency shift and bifurcation instability. This anal-
ysis also reveals that the filter’s power handling capability is
dependent on several critical factors including the capacitive
gap, stiffness of the diaphragm actuator, and the overall quality
factor (Q) of the evanescent-mode (EVA) resonators. A non-
linear CAD model is proposed as a practical tool for capturing
the important trade-offs in high-power design. An EVA tunable
resonator and a two-pole 2% filter are fabricated and measured
as vehicles to validate the theory and the CAD model. Specifically,
a medium-power filter with a tuning range of 2.35 — 3.21 GHz
(1.37 : 1) and an extracted unloaded quality factor (Q.) of
356 — 405 shows measured power levels of 23.4 dBm (0.22 W)
before bifurcation instability occurs. The measured I11P3 of this
filter are 52.1 dBm. The theory and modeling, backed up by the
measurements, provide significant insights into the high power
design of electrostatic tunable cavity filters.

Index Terms—non-linearity, evanescent-mode cavity filter,
MEMS, quality factor (Q), tunable filter, self-actuation, inter-
modulation.

I. INTRODUCTION

Recently, MEM S evanescent-mode (EVA) tunable cavity fil-
ters for RF/microwave frequencies have received considerable
research attention for their merits of wide tuning range, high
unloaded quality factor (@), reduced size/lweight and large
spurious free region [1]-{4]. Furthermore, the electrostatic
MEMS tuners require almost zero DC power, making such
filters great candidate components for a wide range of appli-
cations. Examples of such applications include automatic test
instrumentation, wireless communication and sensing systems.
These applications have varying power handling requirements,
ranging from milliwatts to tens of watts. Therefore, it is
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important to understand the power handling capabilities of
such MEMS EVA tunable filters.

The power handling capabilities of RF/microwave filters are
limited by several factors including dielectric breakdown, gas
discharge, thermal breakdown and device non-linearities [5].
The critical high-power phenomena for MEMS tunable filters
include solid dielectric breakdown, gas discharge, and €lectro-
mechanical non-linearities of the MEMS tuning elements. In
this paper, we focus on the last one and specially in the effects
of “self-actuation” and intermodulation distortion (IMD) on
the power handling of MEMS EVA tunable resonators and
filters. Self-actuation refers to the actuation of the movable
MEMS micro-structure caused by the electrostatic attractive
force stemming from the RF signal power [6]. IMD refers to
the generation of unwanted amplitude modulation of signals
due to device non-linearities. From a system point of view,
IMD limits the maximum power a MEMS tunable filter can
handle without introducing excessive in-channel and cross-
channel interferences.

There have been numerous studies on the power han-
dling of RF MEMS devices including MEMS varactors [7]—
[1Q], capacitive switches [8], [11]-{13], and metal-contact
switches [14]. In [8], theoretical analysis and CAD modeling
were used to predict the power handling of MEMS varactors
and switches. Girbau et a. presented extended analysis by
taking into account the large displacement and impedance
change during the actuation of the MEMS varactors [10].
A frequency domain analysis technique was proposed by
Innocent et al. to analyze the weak non-linearities of MEMS
varactors and switches [9].

However, the above mentioned modeling efforts are pri-
marily based on stand-alone MEMS devices, such as a single
MEMS varactor or switch. In [8], the non-linearitiesof MEMS
tunable filters were studied, but the resonant characteristics of
the filter were simply modeled as a voltage amplification for
the MEMS devices. Thisis avalid approximation for filters of
relatively large fractional bandwidth. However, it does not take
into account the frequency dependence of the RF voltagein a
resonator. In [15], the authors of this paper demonstrated the
modeling and measurement of such non-linearitiesin high-@ ,,
EVA tunable cavity resonators (but not filters).

Compared to our previous work [2], [4] that focused on the
design and fabrication technology of tunable EVA resonators
and bandpass filters, this paper presents for the first time a
complete validated framework on the power handling capabil-
ity of MEMS tunable EVA filters. Building upon our previous
work [15], we start by developing for the first time analytical
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solutions for the non-linearities of MEMS EVA tunable res-
onators (Section I1). It is shown that the frequency dependence
of the RF voltage plays an important role in the modeling of
the non-linearities of EVA resonators. Section 111 provides a
practical circuit CAD model for capturing such non-linearities
in a system-level environment. The theoretical and numerical
models are validated in Section IV by measurements on a
high-Q,, MEMS EVA tunable resonator. Power measurements
on a two-pole MEMS EVA tunable filter are also presented
for the first time with a very good agreement with simulation.

Il. THEORETICAL ANALYSIS

A. Review of MEMS EVA Tunable Cavity Resonatorg/Filters

Fig. 1 shows a concept drawing of the EVA tunable res-
onator proposed in [2]. The tunable resonator consists of an
evanescent-mode resonant cavity, a thin metallic diaphragm
tuner and a bias electrode placed above the diaphragm tuner.
The resonant frequency and @, of the cavity resonator are
found to be dependent on the cavity size, post size and the
gap g between the post top and the top wall of the cavity.
The resonant frequency is very sensitive to g when g is small.
When a bias voltage is applied on the bias electrode, the thin
diaphragm is pulled away from the post, changing ¢ and thus
the resonant frequency. The @, of this tunable resonator is
inherently high due to the distributed nature of the cavity
resonator. MEM S EVA tunable resonator with atuning ratio as
high as 2.6:1 and @,, of 650 a 5 GHz has been demonstrated
in [4]. The same technology was also used to make a two-pole
0.7% bandwidth filter with a tuning range of 3.0 — 4.7 GHz
and insertion loss of 3.55 — 2.88 dB [4].

The EVA tunable resonator is a distributed implementation
of a lumped element resonator [2]. The electric field is
predominantly concentrated in the gap region between the
capacitive post and the diaphragm, which represents an effec-
tive capacitor; the sidewalls of the cavity and the capacitive
post constitute a shorted coax line, which is effectively an
inductor. Thereforethe EVA resonator can be modeled asan L-
C tank shown in Fig. 1(c), where C'. and L,. are the equivalent
capacitor and inductor respectively and R, accounts for losses
in the resonator. In the equivalent circuit of Fig. 1(c), the
input and output coupling to the resonator is modeled by ideal
transformers.

B. Sdf-actuation in MEMS EVA Tunable Resonators

MEMS EVA tunable resonators are essential building blocks
of EVA tunable filters. In order to understand the power
handling capability of the EVA tunable filters, it is critical
to first understand the power handling capability of the EVA
tunable resonators. This section focuses on the analysis of the
RF self-actuation in EVA tunable resonators.

The mechanical behavior of the thin diaphragm actuator can
be modeled by a simple 1-D spring-mass model shown in
Fig. 1(b). The diaphragm actuator is subject to three primary
forces:

1) The electrostatic force F'pe from the bias electrode.

SOI Wafer
Au

Bias [ Voltage Bias Electrode

(@)
wW——
MEMS Bias Electrode
Diaphragm
(b)
P Vre
Z, Ry L, C, Z,
1 n n 1

(c)

Fig. 1. (a) Concept drawing of MEMS EVA tunable resonator. (b) Spring-

mass model of the MEMS diaphragm actuator. (c) Equivalent circuit of the
MEMS EVA tunable resonator.

Assuming that electric field only exists in the overlap-
ping area between the bias electrode and the diaphragm
actuator, F'ipo can be approximated by

oW*Vie
Fpe 2(d0+x)27 (1)
where W is the width of the bias electrode, V¢ is the
bias voltage, go is the initia gap between the post and
the diaphragm, and x is the deflection of the diaphragm.
(1) neglects the effect of the fringing-field, which can
be taken into account by the non-linear circuit model
explained in Section. 1.
2) The electrostatic force Frp from the RF signa
power [6].
Using parallel-plate capacitance for C,., Frp IS given
by
2 2
= M, @)
4 (g0 — )

where qa is the post radius and Vg is the peak-peak RF
voltage between the post and the diaphragm. Again, the
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fringing-field contribution to F'rr is taken into account
by CAD modeling in Section. Il1.

3) Mechanica restoring force F.
Assuming linear deflection, F is given by

Fk = ]{XE,

where k is the spring constant of the diaphragm.
In the analog tuning range mode, electro-mechanical equi-
librium at a particular gao requires these forces to balance at
that gap.

Fpc+ Frrp — F, =0 4

At low input RF power, the deflection of the diaphragm
actuator is dominated by the electrostatic force between the
diaphragm and the DC biasing electrode. When the input
power is increased, the RF-induced electrostatic force Frp
starts to affect the deflection of the diaphragm. Specifically,
it starts pulling the diaphragm towards the capacitive post
causing non-linear responses. In a narrowband resonator/filter,
this non-linear response is further pronounced by the input and
output transformers.

Inserting (1), (2) and (3) into (4), we have

EQWQVEC emm2|VRF|2
2(do+2)”  4(go— )
Note that the DC bias increases the capacitive gap ¢ and
therefore reduces Frp. In other words, when a DC bias
is applied to tune the resonant frequency higher, the power
handling capability will aso increase. Therefore, the worst
case scenario is seen when no DC bias is applied. In the
following analysis we assume no DC bias and look at the non-
linear response of the EVA tunable resonators solely due to
RF power. As will be shown later, omitting the DC bias signal
effect does not undermine the generality of the conclusions
drawn from the analysis presented in this section.
With no DC electrostatic force, (5) is ssimplified as

+kxr=0

©®)

(6)
Vrr can be calculated by linear circuit analysis of Fig. 1:

2 [ 2P
1 > 2 TL2 Z() ’ (7)
+

Vrr =
<]0JCT * JwklL; * R, n?Zy
where n is the transformation ratio, Z; is the port impedance
and P is the RF power from the input port.
Inserting (7) into (6) and rearranging both sides of the

equation, we get

coma®|Vrr|? = 4ka(go — x)?,

2
2¢pma’P

71220

Ru TL2 Z()

_ _ 2 .
= kx(go — ) ‘ (JwCT + oL

1 2
+—)+

Note that C, is directly related to the deflection of the
MEMS actuator. We use the parallel-plate model for the capac-
itance calculation. The neglected fringing-field term is taken
into account in the circuit models developed in Section. I11I.

e7ra2

go—<x
Putting (9) into (8) and rearranging both sides, we get

Cr =

©)

2¢oma’ P(wL,)?

2
A = ka:{ [eoma®w? L, — (go — )]

2
Fov- e () |
(10)

Eq. (10) can be further simplified by making a few more
substitutions

) -mee] v (22) (2) )

where

(JJ2 = 1 = 90
07 L,C.

is the small-signal resonant frequency of the resonator,

)
emra2 L,

1

1 2 ’
woL, | — + —
0 <Ru TZQZO)

is the doubly loaded quality factor of the resonator and

Q=

P 2¢oma’PwiLl?  2PL,
 kn*Zogd kn*Zog?’
We now define a normalized varactor gap

N go— T
g=———"
g0

and normalized frequency

()

(11) can then be further simplified

(12)

Eq. (12) is the non-linear equation describing the relation-
ship between the normalized deflection of the diaphragm and
the RF power. It is a 3rd order equation in terms of g and
has three solutions in the complex domain. Among the three
solutions, the ones in the real domain give the amplitude of
the normalized diaphragm deflection under certain external RF
power.

For small input power, i.e. small F', only one solution isin
the real domain. This corresponds to the case of small signal
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Fig. 2. Fregquency responses of the non-linear MEMS EVA resonator with different input power levels. (8) Symmetric response with very small input; (b)

Frequency distortion with medium input power; (c) Onset of bifurcation; (d) Bifurcation.
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Fig. 3. Conceptual explanation of the frequency distortion with moderate input power. (a-d) Input signa higher than the resonant frequency leads to a
negative feedback process; (e-h) Input signal lower than the resonant frequency leads to a positive feedback process.

input (Fig. 2 (a)). In the limiting case of F* — 0, the frequency
response of the resonator is symmetrical around the resonant
frequency.

As F' increases, the resonant frequency becomes lower
and the frequency response starts to “bend” towards it. This
asymmetrical distortion in the frequency response can be
intuitively understood if we consider the establishment of the
frequency response in an iterative manner.

Fig. 3(a-d) shows the case when a moderately high power
input RF signal is applied at a frequency higher than the
resonant frequency. Frr pulls the diaphragm actuator closer
to the capacitive post, thus lowering the resonant frequency.
Thisinturnlowers Vi and Frr, causing a negative feedback
effect. Due to the mechanical restoring force, the diaphragm
actuator will retract away from the post until an equilibrium
is achieved.

When the input signal is applied at a lower frequency, as
shown in Fig. 3(e-h), the scenario can be quite different. The
Vrr lowers the resonant frequency in a similar fashion as in
the previous case. However, as the resonant frequency moves

closer to the input signal, the induced Vi increases, creating
a positive feedback process. Due to this increased Vip, the
resonant frequency will become still lower until equilibrium
is achieved.

From this conceptual experiment, it is obvious that the
EVA resonator reacts differently to input RF signals below
and above its resonant frequency. This behavior leads to the
asymmetrical response shown in Fig. 2. It is worth noting that
the frequency response curvesin Fig. 3 are all drawn in linear
scale for easier illustration.

When the input power becomes even larger, the situation
becomes more complex as F' reaches a critical value F.. It is
noted that there is still a one-to-one correspondence between
g and & for F < F,.. For F' > F,, however, al 3 solutions to
(12) can be redl. In this case, there are three possible g values
for a certain range of frequencies w; < @ < @o (Fig. 2 (d)).
Such a phenomena is often referred to as “bifurcation” [20].
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C. Critical RF Power

In order to predict the critical power handling capability of
MEMS EVA tunable resonators and filters, it is important to
calculate the value of the critical input RF power P., which
presentsitself in (12) as F.. We first observe that the condition
dg/do = oo holds at @, and wy (which correspond to points
C and D in Fig. 2(d)). Differentiating (12) with respect to @,
yields

(13)

In order to satisfy the condition dg/do = oo, we set the
coefficient of the dg/dw term in (13) to zero.
gw PP R
@—2(1—9)(00—9)—(00—9) 02
which can be rearranged as a quadratic equation in terms of
@

2(1—9) ~0,

- 52

o2 - <% - Z%+4g—2)a+(3g2—2g):o. (14)

wy and Wy can then be found by simultaneously solving (14)
and (12).

However, the calculation of F. does not require the solution
for w; and w,. We observe that points C and D reduce to a
single point when F' = F,. (Fig. 2(c)). In other words, the
two solutions to (14) coincide with each other. Setting the
discriminant of (14) to zero, we get

20 392 o O\ sz o
(@—§+49—2> —4(3g —29):0 (15)

Eqg. (15) is a 4th order equation in terms of ¢ and has
four solutions in the complex domain. Of the four solutions,
only one is physically meaningful (0 < ¢ < 1). It gives the
normalized gap value g. that corresponds to point C(D) in
Fig. 2(c). Its close-form formula is rather involved but can be
analytically found by using the root-finding formula or more
conveniently, a symbolic mathematics software package such
as Mathematica [19].

With the help of Mathematica, we can use the power series
expansion to get a more practical and simplified formula for
ge. Inthe limit of @ > 1,

. 1 3 3
ge =1 ot o o(Q”)

Putting (16) into (14), we can find the normalized frequency

w. a which bifurcation occurs,

(16)

o 2 11 3
We=1 0 + 507 o)
Putting (16) and (17) into (12), we can solve for F',

(17)

2 11 1
gt Y 49
Therefore
_kZogg [2 11 1
o]

At the onset of bifurcation, the critical deflection xz. and
frequency f. are respectively

13 ;
Te = go [6 ez + O(Q‘S)} (20)
wo 2 9
remh-Ze o) @

It is also interesting to note that in the limit of Q — 0, the
solution to (14) can be expanded (using Mathematica) as

io=2 Lot 2ar - 0@

25 2 |23 4
Wc—\/;Q Q \/;Q +0(Q%)

This is intuitively understood because as Q@ — 0, the
resonator is heavily loaded and approaches a transmission
structure instead of a resonant structure. The bifurcation
instability occurs at DC (w. — 0) a an normalized gap
of g. — % which is simply the instability point of an
electrostatically actuated parallel plate actuator [6]. Therefore,
the DC instability can be regarded as a specia case of the
analysis developed in this section.

Eqg. (19) gives the critical input power level at the onset
of bifurcation. Note that DC bias is assumed to be zero in
the above analysis. Therefore (19) gives the minimum upper
limit of power handling capability of an MEMS EVA tunable
resonator.

P. in (19) is shown to be dependent on a few factors,
including the stiffness k& of the diaphragm actuator, initia
gap go, and the overall quality factor Q. Whereas @ is often
determined by system level requirements, appropriate £ and
go can be chosen to improve the power handling capabilities
of MEMS EVA tunable resonators/ffilters. However, in most
applications, other specifications, such as actuation voltage
and tuning, often need to be taken into account as well. For
example, improving power handling capability by increasing
k and go comes at the cost of increased actuation voltage or
reduced tuning range. These inter-dependencies are examined
guantitatively in Section I11.

It is important to mention that the analysis given in this
section is based on a general non-linear varactor model and
the general conclusions from the above analysis hold true for
any tunable resonator using parallel plate electrostatic MEMS
switches/varactors as the tuning elements.

(22)

and

(23)
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D. MEMS EVA Tunable Filters

The self-actuation behavior of MEMS EVA tunable filter
can be analyzed following a similar approach as the EVA
tunable resonator. Fig. 4 shows a schematic of a genera
coupled-resonator bandpass filter. M, ; are the elements of
the coupling matrix and denote the direct- and cross- coupling
between the resonators [17].

Fig. 4. Schematic of a general coupled-resonator MEMS EVA tunable filter.
The graph follows the convention of [17].

The loop equations for each of the resonators in the filter
can be written in a matrix form (Eq. 24).

With knowledge of the coupling matrix, the current in
each resonator can be solved. The voltage on the jt* MEMS
varactor is then given by

%]
Vrr, = Tl (25)

Inserting (25) and (9) into (5), one can obtain the non-
linear equation describing the self-actuation behavior of the
EVA tunable filters. However, this equation can become very
complicated for higher order filters. A simpler and more
practical way of solving the non-linear equation is through
the use of a numerica CAD model, which is the subject of

the following section.

I1l. CAD MODELING

In the previous section, theoretical analysis on non-linearity
of the MEMS EVA tunable resonator is presented. It is
important to develop a more practical design tool in order to
take into account second-order effects such as fringing field
capacitance and model more complicated structures such as
higher order filters. This section presents the modeling of non-
linearities of EVA tunable resonators through a nonlinear CAD
model.

A. Non-linear CAD Model

The analysis of Section I1-B shows that the non-linearity
of the EVA tunable resonator is primarily caused by the non-
linearity of the equivalent varactor C.,.. The electro-mechanical
characteristics of C, are governed by Vpe (EQ. 1), Vrr
(Eq. 2) and F}, (Eq. 3). These equations are coupled with each
other and analytical solutions are difficult to obtain. However,
an iterative approach can be utilized to numerically solve these
equations.

Fig. 5 outlines this process. First the RF voltage Vi across
the varactor C,. is found from (7) by setting C,. to its initia

value, i.e. the mechanical deflection of the diaphragm is only
determined by the DC bias voltage Vp¢. Then Vgr is used
to caculate the RF force Frr exerted on the diaphragm
according to (2). F'rr isinturn used to calculate the deflection
x of the diaphragm, which gives an updated value to C,.
This process is repeated until the solution converges. A failed
convergence indicates that the RF power is large enough to
cause self-pullin of the diaphragm.

Initialize C,

\

Calculate Vg

Y

Calculate Fre

* A

Calculate dx

Y

Update C,

QOutput

Fig. 5. Procedure for iteratively solving the coupled non-linear equations
(1.(2).(3),(4) and (7).

The above process can aso be implemented using
commercially-available circuit simulators. Building upon pre-
vious work by Lu [18], a non-linear voltage controlled capac-
itor model (Fig. 6) is constructed in Agilent Advanced Design
Systems (ADS) using 4-port Symbolically-Defined Devices
(SDD) [21].

The voltages at the four ports of the model are defined as
follows:

1) Port 1: Diaphragm deflection z;
2) Port 2: Electrostatic force on the diagphragm F. = Frr+
Fpc;

3) Port 3: RF voltage Vg,

4) Port 4: DC bias voltage Vpc.

An example EVA tunable resonator is simulated with the
equivalent non-linear circuit model. The resonant frequency
and @, of the resonator are 2.4 GHz and 1000 respectively.
The external quality factor Q. is assumed to be 50. The
nominal parameters of the tunable resonator are listed in
Tablel. Fig. 7 showsthe simulated large-signal S»; at different
input power levels with no DC biasing.

The simulation shows that for the particular design pa
rameters and for low input power signals (< 10 dBm), So;
remains quite linear. As the input power is increased, non-
linearities start to appear. For input power in the range of
15 ~ 20 dBm, self-biasing causes the diaphragm to deflect
towards the capacitive post, leading to a drift in the resonant
frequency and distortion to the shape of the resonance peak.
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(24)
2 will restore to its origina position when the RF power is
R, L Z turned off. Assuming no dielectric discharge or breakdown, the
Pay critical power P, sets the higher limit to the power handling
capabilities of the MEMS EVA tunable resonators.
- 1
— 1 ny n, 1 =
;
Voo I & B. High Power Design Considerations
_-_I-_ I,' It is shown in (19) that the critical power P, is strongly
- / dependent on the overall quality factor Q. @ is related to the
@ r RF Voltage ~ Vier unloaded quality factor @, and external quality factor Q. by
Diaphragm
Deflection 1 1 1
R=10Q Ag Q é = Q_ + Q_ (26)
—L—_/VV\/ 1 2T “ ¢
- = Whereas @, is often determined by the resonator tech-
Electrostatic <D nology, Q. can vary considerably according to the design’s
Force ° ifications. Fig. 8 shows the calculated large-signa S
i 1 DC Voltage Vpe specifications. Fig. ows the calcu arge-signal So;
Fe R=1Q =  Gn = a the onset of instability for resonators with different Q..
il Linear responses are included as a comparison. The nominal

(b)

Fig. 6. (@) Non-linear circuit model for the EVA tunable resonator. (b) Non-
linear varactor model using Agilent Advanced Design Systems (ADS) 4-port
Symbolically-Defined Devices (SDD).

TABLE |
NOMINAL PARAMETERS OF THE SIMULATED EVA TUNABLE RESONATOR

r Capacitive Post Radius 0.5 mm
A Bias Electrode Size 6 x 6 mn?
w Diaphragm Side Width 7 mm
go Initial Capacitive Gap 5 um
do Initial Actuation Gap 40 pm
Qu Unloaded Quality Factor 1000
Qe External Quality Factor 50
L, Equivalent Inductance 3.16 nH
R,  Equivaent Shunt Resistance 47627 Q
k Spring Constant 400 N/m
Qm Mechanical Quality Factor 0.2

At a power of ~ 30 dBm, the RF induced attractive force
is sufficiently large to pull the diaphragm into the capacitive
post. This can be seen in the instability point of the diaphragm
deflection plot in Fig. 7, where a sudden jump in the diaphragm
deflection is observed. When the diaphragm is pulled into the
post, the resonator cannot be tuned any more. The diaphragm

parameters of the resonators in this calculation are listed in
Table I.

It is shown in (19) that the power handling capability is
also dependent on the gap g and spring constant £. Fig. 9(a)
shows the large signa S»; for resonators with the same input
power of 33.8 dBm but varying go of 2 pm, 5 um, 10 pm, and
20 pm. The nominal parameters of the resonators are shown
in Table I. The resonant frequencies are kept the same for
all resonators by setting the post radii values to 0.316 mm,
0.5 mm, 0.707 mm, 1 mm respectively. With 33.8 dBm input
power, the frequency response of the resonator with ¢
10 pm is at the onset of bifurcation. For smaller go (5 um
and 10 um), severe bifurcation can be observed; for larger
go (20 pm), the frequency response is much less distorted.
Similarly, Fig. 9(b) shows the large signal So; for resonators
with varying spring constant. It is seen that the power handling
is improved with increasing spring constant.

The penalties paid with increasing go and & are reduced
tuning range or higher actuation voltage. For example, Fig. 10
shows the calculated actuation voltage of a tunable resonator
(parameters listed in Table I) with respect to £ and g, for
1.5 : 1 tuning ratio. It can be seen that P, can be increased by
20 dBm by increasing go from 2um to 10pm. The required
actuation voltage needs to be increased by amost 400 V to
maintain the same tuning ratio.
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Fig. 7. ADS simulation of large signal responses of a MEMS EVA tunable
resonator using non-linear circuit model shown in Fig. 1. () S1; (b) RF
voltage on the varactor; (c) Diaphragm deflection under different input power
levels.

C. DC Bias

Section 111-B shows that high RF signa power can lead
to a shift in the resonant frequency. This shift is always
towards the lower frequency due to the attractive electrostatic
force. Intuitively, this frequency shift can be compensated
by increasing the DC hias voltage, which serves to pull
the diaphragm actuator away from the post and increase the
resonant frequency.

Fig. 11 shows the simulated linear and non-linear response
of atunable resonator with 26 dBm input power. The nominal
parameters of the resonator are listed in Table |I. The dashed
curve represents the linear response of the resonator with no
DC bias voltage. The dotted curves represents the non-linear
frequency response when an input RF power of 26 dBm is
fed through the resonator. A close-up plot of the frequency
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Fig. 8. Large-signa simulation of resonators with different externa cou-
plings.
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Fig. 9. Large signal simulation of resonators with (a) different capacitive

gaps, and (b) different spring constant. The resonant frequency and G, are
kept the same by setting appropriate post radius. The nomina parameters of
the simulated resonator is listed in Table I.

responseat 2.4 GHz is shown in Fig. 11(b). With 26 dBm input
power and no DC hias, a frequency shift of 40 MHz can be
observed. The solid curve shows that this frequency shift can
be compensated by applying 25 V bias voltage. However, the
asymmetric distortion can still be observed in the frequency
response. Although additional DC biasing can compensate for
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resonator at 2.4 GHz showing compensation for frequency drift by applying
additional DC bias.

the frequency shift, it cannot prevent the self-pullin instability
in EVA tunable resonators.

Fig. 11 also showsthat the frequency distortionis less severe
at higher frequencies. This is primarily due to the fact that
the diaphragm actuator is farther away from the post and P.
increases proportional to g2 as shown in (19).

Fig. 12. Simulated spectrum of IMD products of an EVA tunable resonator
with (a) 0 V and (b) 80 V actuation voltage. Parameters of the simulated
resonator is listed in Table |

D. Intermodulation

With the non-linear model developed in previous sections,
the intermodulation distortion of EVA tunable resonators can
be quantitatively investigated.

Fig. 12 shows simulated intermodulation products of an
EVA tunable resonator in response to two-tone input signals.
The nominal parameters of the resonator are listed in Table I.
The frequency separation of the two-tone input signals is
10 kHz, which is the mechanical resonant frequency of the
diaphragm actuator. The 3rd order intermodulation product
(IM3) of the tunable resonator with 0 V and 80 V bias are
compared in the plot (the resonant frequencies are 2.4 GHz
and 2.8 GHz respectively). Slightly smaller IM3 is observed
for the 80 V case due to the higher capacitive gap g.

Fig. 13 shows the comparison of the output powers of the
fundamental frequency and the IM3 products. With small input
power ( < 20 dBm), both the fundamental output and the IM3
increases linearly with the input power. As the input power
increases, compression of both the fundamental output and
the IM3 can be observed. This compression is caused by the
self-actuation of the diaphragm actuator, leading to a lowering
in resonant frequency and thus an increase in return loss for
the input signals.

E. Non-linearities of EVA Tunable Filters

With the non-linear CAD resonator model, the high-power
response of coupled-resonator EVA filters can also be quanti-
tatively investigated. Fig. 14 shows the simulated responses of
a two-pole and a four-pole direct-coupled Butterworth filter
at 2.4 GHz with 2% fractional bandwidth. The filters are
designed with 2 and 4 resonators respectively. The nominal
parameters of the resonators are the same as those listed in
Table |. The inter-resonator couplings are achieved with J-
inverters, which are modeled by T-section inductor networks.

The RF voltages are different on each resonator in a
coupled-resonator filter. Therefore the power handling is de-
termined by the resonator that experiences the highest RF
voltage. The RF voltage distribution is in general dependent
on the internal and external coupling coefficients of the filter.



TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. XX, NO. XX, JANUARY 2012 10

40 T T T T T T T T
===
[ —— 1
~ o} -
S
[a]
e
=
s
o -4
S 0
-
g_ — — Input Power
5 —— Fundamental, VDC =0V
(@] —C— Fundamental, V, =80V
-80 —O—1IM3, V, =80V, 4f=10kHz o
—/—1M3, V, =80 V,4f= 25 kHz
—&—IM3, V, =0V,4f= 10 kHz
—A—IM3, V, =0V,4f= 25 kHz
-120 L 1 L 1 L 1 L 1

15 18 21 24 27 30
Input Power (dBm)

Fig. 13. Simulated output power of an EVA tunable resonator with respect
to input power. Parameters of the simulated resonator is listed in Table |

0
f
} —=—pP, =0dBm
y ._' ——P, =15dBm
10 B «:‘U o —o—Pm= 17 dBm | 4
=5 I —o—P,=19dBm |,
=
oF
-20 | 2 i
J n 1
_30 1 1 1
2.35 2.40 2.45
Frequency (GHz)
(a)
',':,’t"{' \\
\
—a—p =0dBm
-10 | / —o—P, =11dBm |4
= —e—P,=13dBm
) —o—p =15dBm | |
0 ) X
20F Vioae Vo oo Vs oo Ve ;
" ZEE‘:E? IJE#’%%EJE#%%IJI#%% %é} ~
1n =s - - n1
_30 1 1 1
2.35 2.40 2.45

Frequency (GHz)
(b)
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Fig. 15 shows the simulated RF voltages on the resonators
in the two-pole and four-pole filters with identical input and
output couplings. In general, the second resonator sees the
highest voltage at the band edge. In the two-pole filter case
thefirst resonator sees the highest voltage. The power handling
capability of the filter is determined by the P, of this resonator.
The non-linear model can also be used when the input and
output coupling coefficients are not identical.
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Fig. 15. Simulated RF voltage on the resonator in a two-pole filter and

four-pole filter. () P, = 15 dBm; (b)P;, = 19 dBm; (c) P;,, = 11 dBm;
(d) P;p, = 15 dBm.

IV. EXPERIMENTAL VALIDATION

A. MEMS EVA Tunable Resonator

A MEMS EVA tunable resonator has been fabricated and
measured to validate the theoretical and numerica models
developed in the previous sections. The design procedure and
fabrication techniques are presented in [2]. Fig. 16(a) shows
the CAD drawing of the EVA tunable resonator. Fig. 16(b,c)
shows the fabricated EVA cavity and assembled EVA tunable
resonator.

Small signal S-parameter measurements were taken using
an Agilent 8722ES vector network analyzer (VNA). The
CPW feedlines of the resonator are shorted by two pieces of
copper tapes to achieve weak coupling so that the @, of the
resonator can be extracted with higher accuracy. In large signal
measurements, the copper tapes can be removed to achieve
stronger coupling (Fig. 16).

The measured resonator has a tuning range of 1.85 — 2.84
GHz (1.51 : 1) with less than 140 V actuation voltage. The
high actuation voltage required for achieving this tuning range
can be supplied by a voltage driver [22], [23]. The critica
parameters of the EVA tunable resonator, such as @, go and
etc, are extracted from the small signal measurements. The
overall @ of the resonator is related to @, and Q. by (26).
In a weskly-coupled resonator, the Q. is sufficiently large
so that the 1/Q. term can be neglected and the measured
Q approaches (Q,,. The capacitive gap ¢ is extracted by
matching the HFSS model of the resonator to the measured
initial resonant frequency [2]. The initial gap of the resonator
is 9 um and the diaphragm deflects 14 pm before pullin.
The actuation gap dy is approximated to be three times the
maximum deflection. The spring constant of the diaphragm
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Fig. 16. (a) Illustration of the EVA tunable resonator design. (b) The
fabricated EVA cavity. (c) EVA tunable resonator. (d) Copper tapes are used to
short the feed lines to achieve weak coupling. (€) CPW feed on the backside
of the resonator for strong coupling. The bias electrode is not shown in the
picture to reveal the Si/Au diaphragm actuator.

actuator is calculated by the pullin voltage equation (Eq. 27).

| 8kd3
Vii = 272

TABLE Il
EXTRACTED PARAMETERS OF THE MEASURED EVA TUNABLE
RESONATORS

(27

T Capacitive Post Radius 1.05 mm
A Bias Electrode Size 6 x 6 mnm?
w Diaphragm Side Width 7 mm

9o Initial Capacitive Gap 9 um

do Initial Actuation Gap 42 pm

k Spring Constant 450 N/m
Qu Unloaded Quality Factor 270 @ 2 GHz
Qe External Quality Factor 43

L, Equivalent Inductance 1.62 nH
Qm  Mechanical Quality Factor 0.2

Fig. 17 shows the high power measurement setup used to
characterize the self-actuation of the EVA tunable resonator.
A 43 dB gain power amplifier (Mini-Circuits ZHL-16W-42+)
is used to amplify the frequency sweep signal from the VNA.
The output of the amplifier is protected by a circulator with
its isolation port terminated with a 50 2 load. The amplified
signal goes through the EVA resonator and is attenuated by
a 20 dB attenuator before going back to the VNA. The setup
is calibrated with Agilent 85052D 3.5 mm kit to the end of
the input and output port cables of the VNA. The insertion

Network
Analyzer

Amplifier Circulator Attenuator

DUT

Fig. 17. Measurement setup for self-actuation characterization.
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Fig. 18. The measured and simulated self-actuation characteristics of the

EVA tunable resonator.

loss of the circulator and the attenuator are subtracted from
the measured So; .

The measured large-signal frequency responses with several
input power levels are shown in Fig. 18. With the current
setup, reflection coefficients of the filter can not be measured
and therefore are not presented here. With low RF power (<
21 dBm), there is little distortion to the frequency response.
As the RF power increases (21 dBm and 28.5 dBm ), the
So1 exhibits distortion as predicted by the theory and CAD
modeling. The onset of instability occurs at 32.1 dBm (1.62
W). As the input power is further increased to 33.5 dBm, a
discontinuity in S; can be observed. The measured results
agree very well with ADS simulations. The parameters used
in the simulation are listed in Table I1.

The intermodul ation behavior of the EVA tunable resonators
is measured by the 2-tone setup shown in Fig. 19. Two Agilent
4433B signal generators were used to generate the 2-tone
signals, which are then amplified and combined to feed the
EVA tunable resonator. The signa is then attenuated before
going into an Agilent 4448A Spectrum Anayzer (SA). The
intermodulation powers are read from the output spectrum
and recorded for several input power levels and frequency
separations. Fig. 20 shows an example measured spectrum
with an input power of 5 dBm and A f of 10 kHz. Whereasthe
IM3 is clearly visible, the fifth order intermodulation product
(IM5) is too low to be observed.
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Fig. 20. An example measured output spectrum for the two-tone test of the
EVA resonator with P;,, =5 dBmand Af = 10 kHz.

The measured and simulated IM3 values with respect to
input power P;,, (10 — 25 dBm) with a frequency separation
of 20 kHz are shown in Fig. 21. The extracted 11P3 for the
resonator is 58.2 dBm. It is to be noted that the mechanical
frequency of the diaphragm tuner is in the kHz range and
therefore the deflection of the diaphragm tuner does not
respond to the instantaneous change in RF signal power. In
other words, the diaphragm responds only to the RF power
envelope change in the kHz range. For signals whose envelope
change much faster, the tunable filter remains quite linear.

B. MEMS EVA Tunable Filter

A 2% two-pole EVA filter has been designed and fabricated
for high power characterization. The design of the filter
follows a similar process described in [4]. Since the fractional
bandwidth (FBW) of the tested filter is larger than the FBW of
the filter in [4], it is expected that the tested filter will exhibit
higher power handling capability. The nhominal dimensions of
the EVA resonators used to design the filter are same as in
Section. IV-A. Fig. 22(a) shows an illustration of the designed
two-pole filter.

The fabricated tunable filter is shown in Fig. 22(b)(c). The
measured linear responses of the tunable filter under severa
bias voltages are shown in Fig. 22(d). Thefilter is continuously
tunable from 2.35 GHz to 3.21 GHz with less than 110 V
bias voltage. The measured insertion loss is 1.65 — 1.42 dB
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Fig. 21. Measured fundamental output power and IM3 for EVA resonators

and filters. The dotted dash lines represent simulation results.
MEMS Diaphragm Tuner

Bias Electrode

S-Parameters (dB)

. Frequency (GHz) .
(d)

Fig. 22. (@) lllustration of the designed two-pole EVA tunable filter. (b)
Fabricated EVA tunable filter. (c) Measured linear responses of the fabricated
EVA tunable filter.

(including the loss of the connectors), which trandates to
an @, of 356 — 405. The extracted initial gaps for the two
resonators are 8.2 um and 9.7 um respectively. The input and
output transformer ratio is extracted to be 8.47 by matching
the ADS simulation with small signal measurement.

Fig. 23 shows the measured self-actuation characteristics of
the filter at 2.4 GHz. The 3-dB bandwidth of the filter is 47.4
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MHz (2%). The required bias voltages on the two resonators
are 23.4 V and 36.7 V respectively. For input power less than
15 dBm, there is no significant distortion in the frequency
response. As the input power increases beyond 15 dBm, the
So1 bends towards the lower frequency as predicted by the
CAD modelsin Section. I11. The bifurcation instability of one
of the resonators occurs at 23.4 dBm. The measured 11P3
of the filter is 52.1 dBm (Fig. 21). There is a very good
agreement between the measurement and simulation using the
CAD model. These are the worst case results (0 V bias). No
attempt to compensate them with higher bias voltages has been
made in these measurements.

V. CONCLUSION

This paper presents a validated complete theoretical frame-
work for estimating the power handling capabilities of EVA
RF MEMS tunable resonators and filters. It has been shown
that the frequency dependent RF voltage inside a resonator
must be taken into account when analyzing the non-linear
effects. A practical non-linear circuit model is also employed
for analyzing more complex filter structures. The theory and
CAD modeling are validated by power measurements on an
MEMS EVA tunable resonator and a medium-power two-pole
EVA tunable filter. The measured two-pole 2% EVA tunable
filter handles 23.4 dBm (0.22 W) RF power before bifurcation
instability occurs. The power handling capabilities of the EVA
tunable filter can be increased by either increasing the initial
gap or the stiffness of the diaphragm actuator at the expense
of increased bias voltage or decreased tuning range. Careful
consideration of these parameters is necessary to meet the
requirements of specific applications.
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