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CPW Tunable Band-Stop Filter Using Hybrid
Resonator and Employing RF MEMS Capacitors

Naibo Zhang, Zhongliang Deng, Member, IEEE, and Fan Sen

Abstract— This paper presents a coplanar waveguide (CPW)
tunable band-stop filter using hybrid resonator and employ-
ing RF microelectromechanical systems (MEMS) capacitors.
The MEMS switches are used as varactors to tune the filter reso-
nance frequency. Defected ground structures (DGSs) with MEMS
switch is employed for filter unit to achieve miniaturization of
filter structure. To accurately analyze the filter unit structure
parameters, a hybrid resonance circuit is used as equivalent
circuit and the relationship of MEMS switch and the transverse
slot capacitance is analyzed. Hereby, a CPW tunable band-stop
filter, cascaded periodically by DGS and MEMS switches, is
fabricated on a glass substrate (εr = 3.78, tan δ = 0.0012).
The filter has a midband retune loss of 2.3–2.8 dB and a tuning
range of 35% from 8.5 to 12.3 GHz with a maximum dc voltage of
44 V. Finally, we propose a solution to achieve constant bandwidth
when center frequency changes.

Index Terms— Coplanar waveguide (CPW), defected ground
structure (DGS), RF microelectromechanical systems (MEMS),
tunable band-stop filter.

I. INTRODUCTION

IN the modern planar microwave system, periodic structures
have recently attracted much attention in the microwave

and millimeter-wave community [1]. The Photonic Bandgap
in [2] and the defected ground structure (DGS) in [3] and
[4] are typical periodic structures proposed previously for
microstrip line. However, they are neither uniplanar nor truly
1-D structures since their defected ground planes are on
the back side of substrate. Periodic structures for coplanar
waveguide (CPW) can be realized on the same plane, because
it is real uniplanar, 1-D structure [5]. Lim et al. [5] pre-
sented a spiral-shaped DGS for CPW [5], and Amret al. [6],
Karimet al. [1], [8], and Muhammad et al. [7], proposed
types of DGS with dumbbell-shaped CPW. Moreover, most
reports just proposed a performance, rarely considered the
design method and structural modeling process.

In addition to the periodic structures of CPW, much effort
has also been made to introduce tunable filter using micro-
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electromechanical systems (MEMS) switch. The development
of tunable filters is of great commercial and military interest.
The filters substantially reduce the size of the analog front-
end subsystem for multiband applications and can be used
to dynamically reject large signal interferers. In recent years,
many tunable filters using MEMS technology are reported,
including digital tunable filter [9]–[11] and analog tunable
filter [12]–[16]. The analog filter provides potential advan-
tages of low cost, small size, and inherent compatibility with
microwave circuitry. Yet the adjustable range is limited in
most reports, for instance, the tuning range in [17]–[21],
is 4.2%, 9%, 10%, 14%, and 15%, respectively. Montserrat
Fernandez–Bolanos et al. proposed a tunable band-stop filter
with tuning range of 55% and low dc bias voltage [22],
Siamak Fouladi et al. presented a tunable band pass filter with
tuning range of 127% and a maximum dc voltage of 6 V [23],
Nevertheless, the shape factor of the filter is not good enough.

We previously reported a tunable band-stop filter [24].
In this paper, a band-stop filter with periodic CPW structures
and MEMS switches is presented. The hybrid resonator circuit,
consisted by shunt and series resonator circuits, is analyzed
and designed as equivalent circuit. The lower resonance
frequency has been achieved by combining the shunt and
series resonator. As a result, when the resonance frequency
is specified, the filter unit size with MEMS switch is smaller
than the unit without it. To demonstrate the relationship of
MEMS switch and transverse slot capacitance, the parameter λ
was introduced. The switch structures are analyzed to tune
the resonance frequency of band-stop filter. We achieved
an acceptable agreement between measured and simulation
results. A tuning range of 35% with the center frequency from
8.8 to 12.3 GHz is presented, while dc voltage is tuned from
0 to 44 V.

This paper is organized as follows. Section II describes
the filter unit, the equivalent circuit, and the unit structure
parameters. In Section III, the MEMS switch structure is
designed and analyzed. The tunable band-stop filter and equiv-
alent circuit are presented in Section IV, including fabrication,
simulation/measurement results, and bandwidth of the filter.
Finally, the conclusion is presented in Section V.

II. UNIT STRUCTURE MODIFICATION AND ANALYSIS

A. Unit Structure Analyses

The dumbbell-shaped DGS and two wing-shaped DGS were
initially presented in [21] and [22], which have symmetrical
structures with respect to the center line. Fig. 1(a) shows two
wings with four slot-shaped DGS, as in [4] and [6]. Designing
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Fig. 1. (a) Two wings with four slot-shaped DGSs. (b) Schematic of unit
cell structure. (c) Equivalent circuit model for Fig. 1(a). (d) Equivalent circuit
model for Fig. 1(b). (e) Hybrid resonator circuit.

the parameters needed, i.e.: 1) the slot size l2; 2) the square
slot, l3 × l4; and 3) the length of transverse slot, l7. Ignoring
the resistance, an equivalent parallel L −C circuit in Fig. 1(c)
is equivalent to Fig. 1(a) structure. C0 is mainly contributed
by the transverse slot on the ground, and L0 is related
to the magnetic flux passing through the apertures on the
ground [1], [24].

The hybrid resonator with series and shunt resonators
was first presented in [25] based on microstrip line. In this
paper, the unit structure with two MEMS switches in
Fig. 1(b) equivalent to the hybrid resonator in Fig. 1(d).
The MEMS switch in Fig. 1(b) is equivalent to series resonator.
In Fig. 1(d), C1 is mainly contributed by the transverse
slot and switch, L1 is related to the magnetic flux pass-
ing through the apertures on the ground, and C1 = λC0,
L1 = L0. As the parameter λ is affected by switch height,
while the capacitance C1 is determined by λ, the capacitance
C0 is decided by transverse slot size. Inductances L0 and
L1 are determined by the apertures on the ground. Capac-
itance C2 is mainly contributed by several factors, such as
switch beam size, the bottom electrode size, and the MEMS
switch height. Inductance L2 is contributed by the switch
beam, the anchor of MEMS switch, and the slot around
anchor.

B. Circuit Analyses and the Unit Structure Parameters Design

To determine the parameters of the unit structure in
Fig. 1(b), the resonator frequency and the unit equivalent
circuit must be analyzed [25], [26]. Fig. 1(e) shows the hybrid
resonant circuit, which consists of series resonator circuit and
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Fig. 2. MEMS switch. (a) Top view model of MEMS switch. (b) Side view
of MEMS switch from side “1−1.” (c) Side view of MEMS switch from
side “2−2.”

shunt resonator circuit. The impedance Z in, can be given

Z in = j
w4 L1 L2C1C2 − w2(L1C2 + L1C1 + L2C1) + 1

wC2(w2C1 L1 − 1)

= j
w4 − w2(w2

1 + w2
2 + w2

3) + w2
1w2

2

w2w2
2C2(w2 − w2

1)
(1)

where w1 is the resonance frequency of shunt resonator
L1 − C1, w2 is the resonance frequency of shunt resonator
L2 −C2, and w3 is the resonance frequency of shunt resonator
L1 − C2. The resonance frequencies are calculated when
Z in = 0 in (1). There are four roots when Z in = 0, two
of roots are positive and the rest are negative. We define wR1
and wR2 are two positive roots of Z in = 0. The parameters
L1, L2, C1, can be expressed by C2, w1, w2, wR1, wR2,
where C2 is the capacitance between switch beam and bottom
electrode, containing two parts, the main capacitance Cud and
fringing capacitance C f . The capacitance C2 is calculated
by microstrip characteristic impedance. The MEMS switch is
equivalent to microstrip transmission line as shown in Fig. 2.

As the width of MEMS switch l8 is much bigger than d4,
the microstrip characteristic impedance offered by Wheeler

Z0 = 120π√
εe [W/d4 + 1.393 + 0.667 ln(W/d4 + 1.444)]

(2)

where W is the width of up electrode, εe is the equivalent
dielectric constant of microstrip. The microstrip characteristic
impedance is also represented as the following:

Z0 = 1

νC2
(3)

where ν is the speed of microwave in air.
As the fringing capacitance C f is composed of fringing

capacitance of MEMS beam (C f 1) and fringing capacitance
of signal line (C f 2), C f equals to C f 1 + C f 2, the whole
capacitance C2 equals to Cud + C f 1 + C f 2, where Cud is the
main capacitance.

C f = C2 − Cud

=
√

εe [W/d4 + 1.393 + 0.667 ln(W/d4 + 1.444)] + √
εe

[
w/d4 + 1.393 + 0.667 ln(w/d4 + 1.444)

]

120πν

− 1

2kπ

εeff S2

d1
(7)
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TABLE I

PARAMETERS OF THE CIRCUIT

TABLE II

PARAMETERS OF THE UNIT STRUCTURE

The Cup(1 − 1) is composed of C f 1 and Cud, while
Cup(2 − 2) is composed of C f 2 and Cud. From (2) and (3),
the capacitances are given as

Cup(1−1) = Cud+C f 1 = 1

v Z0(1−1)

Cup(2−2) = Cud+C f 2 = 1

v Z0(2−2)
. (4)

The main capacitance Cud is expressed as

Cud = 1

4kπ

εeff S2

d1
. (5)

Then the capacitance C2 is calculated by (2)–(5) as follows:

C2 = Cud + C f 1 + C f 2 = Cup(1−1) + Cup(2−2) − Cud. (6)

Then the fringing capacitance C f is shown in (7) at the
bottom of the previous page.

The parameter S2(S2 = l8 × l10) is the area determined by
switch beam width l8 and bottom electrode length l10, d4 is
the distance between switch beam and bottom electrode, and
k is the air permittivity. The up-state fringing capacitance for
MEMS shunt capacitive switches range from 0.2C2 to 0.4C2
for most switches, the down-state fringing capacitance reduces
to 0.05C2 [12], so C f range from 0.05C2 to 0.4C2 as MEMS
switch height changed. When MEMS switch is down state,
the fringing capacitance C f can be neglected, when up state,
the fringing capacitance is about 0.25C2.

To give an example, the bottom electrode width is defined
(20 μm), the width of switch beam l8 is 130 μm, f1, f2, and
f3 are 13.5, 65, and 15 GHz, respectively, the parameters of
the hybrid circuit are set in Table I.

The unit structure discussed in this paper is implemented
on a substrate (quartz) of 425 μm with a dielectric constant
of 3.78 and tanδ of 0.0012. To design parameters of the unit,

Fig. 3. Comparison of parameter extraction and EM simulation results of
the filter unit structures. (a) Return loss. (b) Insertion loss.

Fig. 4. Performances effect by slot sizes. (a) Return loss.
(b) Insertion loss.

we referred to [24] and [27] and simulated in an electromag-
netic (EM) simulator (ADS-Momentum), dimensions of unit
structure are given in Table II.

Fig. 3 shows the comparison results from extraction circuit
simulation and structure simulation. The structure simula-
tion result shows a good agreement with extraction circuit
simulation result. The performance illustrates that when the
resonance frequency is determined, the resonator size could
be reduced and capacitance C0 could be affected by MEMS
switch.

C. Effect of Slot Sizes l3, l7

The size l7 relates to the parameter C1, if dimension l7
changes, the resonance frequency fR1 could be tuned.
In Fig. 4, it shows that the resonance frequency increases from
13 to 15 GHz, as dimension l7 decreases from 1280 to 880 μm.

The dimension l3 affects inductance (L1). Fig. 4 shows
when l3 is 390 μm, the resonance frequency is 13 GHz
(curve 1), when l3 is 590 μm, the resonance frequency is
12 GHz (curve 4).

D. Effect of MEMS Switch Height d1

As shown in (5)–(6), capacitance C2 is determined by d1.
The transverse slot in Fig. 1(a) determines capacitance C0,
while the value �C1 is mainly contributed by the parameter λ
when other sizes are specified.

Fig. 5(a) and (b) show that the center frequency is altered
2.5 GHz as the MEMS switch height d1 increase from
0.1 to 1 μm.
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Fig. 5. Simulation results for tuning MEMS switch height d1. (a) Return
loss. (b) Insertion loss. (c) Relationship between λ and d1.

As other parameters of MEMS switch are specified, para-
meter λ is determined by MEMS switch height d1. Fig. 5(c)
shows the value of λ when d1 tune from 1 to 0.1 μm.
As C1 = λC0, L1 = L0, C0, and L0 are fixed, the frequency
( f1) changes in nonlinear, which is determined by parameter
λ in (8)–(9), and (8) is obtained by numerical fitting. Fig. 4(b)
shows that the peaks rejection values are not linear with the
height of MEMS switch

λ = −0.356ln (d1) + 1.6417 (8)

Fig. 6. (a) Side view of MEMS switch. (b) Mechanics model of
MEMS switch.

f1 = 1

2π
√

L1C1
= 1√

λ

1

2π
√

L0C0
. (9)

III. MEMS SWITCH ANALYSIS

To avoid the “pull-down” and instability of the MEMS
switch, the specially switch structure is designed as Fig. 6(a).
The height of switch is d1, the distance between switch beam
and low electrode is d4 = d1 + d2. The thickness of bottom
electrode is d3. As the position of switch beam decreases
to (2/3)d4, the increase of electrostatic force is greater
than the increase of restoring force, resulting in two cases:
1) the beam position becoming unstable and 2) collapse of the
beam to the down-state position [12]. To avoid the cases above,
we design d1 = (1/2)d2; the distance d1 can be accurately
controlled by dc voltage. When the beam’s position reaches
to (2/3)d4, the switch beam could touch the ground, avoiding
the “pull-down” and instability of the switch. The dc voltage is
V = d4(2k�d/(εε0S2))

1/2 [12], ε = 8.85 × 1012F/m,
ε = 1, �d is the displacement of switch beam, S2 is the area
of electrodes, and k is the spring constant.

The MEMS switch is symmetrical about bottom electrode
the mechanics model is built in Fig. 6(b). The electrostatic
force loaded on the middle part of beam is from (l9 − x) to
x , and the whole size of beam is l9. ξ represents the load
per unit area. The spring constant for the MEMS switch is
modeled in two parts. One part, k1, is due to the stiffness of
the bridge, which accounts for the material characteristics such
as Young’s modulus [28], E (Pa), and the moment of inertia,
I (m4) = l9t2/12, t is the thickness of switch beam. The other
part of the spring constant, k2, is due to the biaxial residual
stress, S′(Pa) = σ (1 − ν)l9t , (ν is the Poisson’s ratio) [12].

Holes in beam’s surface are designed to etch photoresisit
below the beam, which will bring spring constant error.
The effect of holes needs to be considered; the holes release
some of the residual stress in the beam and reduce the Young’s
modulus of the MEMS structure [29]. The reduction of the
residual stress is equivalent to σ = (1 − μ)σ , where σ is the
residual stress with no holes. The spring constant is revised to
k = λ1(k1 + k2), (0 < λ1<1), and the parameters in this paper
λ1 σ , E , t , and k are about 0.78, 64 MPa [30], 53 GPa [30],
1 μm, and 6.8 N/m, respectively. The sizes of MEMS switches
are designed to the tunable band-stop filter, and the dimensions
l8, l9, l10, d1, d2, d3, and S2, are 130, 280 μm, 22 μm, 1 μm,
2 μm, 0.2 μm and (130 × 22) μm2, respectively.
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Fig. 7. (a) Fabricated tunable band-stop filter. (b) Equivalent circuit of
the filter.

IV. MEASUREMENT RESULTS AND DISCUSSIONS

A. Fabrication and Measurement

In this section, the fabrication and measurement of the filter
will be described.

To demonstrate the validity of equivalent circuit and
extracted parameters for the proposed DGS unit section, the
filter is cascaded by three unit resonator structures as in [1],
[4], [7], and [31]. Fig. 7 shows the three-pole band-stop filter,
the fabricated MEMS switch, unit resonator structure, and
equivalent circuit. The lumped band-stop filter circuit can be
easily obtained from the equivalent circuit of unit structure by
proper frequency and impedance scaling [4]. The dc voltage is
loaded between signal and ground, since bottom electrode of
MEMS switch connects to signal line. One anchor of MEMS
switch connects to ground, and the other connects to the
region around by slot. If dc voltage continues changing, center
frequency will change in accordance.

The fabrication is made in the Institute of Microelectronics
in Peking University. The surface micromachining technology
is used for fabrication [7], [32]–[35], and low-temperature
process is used to implement MEMS switch’s fabrication.
Substrate is glass, metal layer is aluminum, and photoresist
is used to be the sacrifice layer.

By measurement, the holes size on the switch surface is
about 3.5 × 3.5–4.2 × 4.2 μm2, the distance between two
holes center is about 8.5–10 μm. The dimensions d1, d2, and
d3 are 1.07, 2.18, and 0.21 μm, respectively. The surface is a
little bit uneven within the scope of allowable error. Agilent
E8363B vector network analyzer is used to measure the S
(S21, S11) parameters of the filter. All experiments are per-
formed in the room environment without any packaging.

The comparison between simulation and measurement
shows an acceptable agreement in Fig. 8. It has a retune loss
of −2.3 dB at 12.3 GHz and −3 dB bandwidth of 4.5 GHz
without dc bias. When 44 V is loaded, the filter shows a retune
loss of −2.8 dB at 8.5 GHz and −3 dB bandwidth of 2.1 GHz.
Fig. 9 shows S11/S21 for different values of dc bias voltage.
The corresponding data are summarized in Table III.

Fig. 8. (a) Return loss of tunable filter. (b) Insertion loss of tunable filter.

Fig. 9. Response of the tunable filter for different values of dc voltages.

TABLE III

MEASURED PARAMETERS OF THE TUNABLE FILTER FOR DIFFERENT

VALUES OF BIAS VOLTAGE

B. Discussions and Improvements

From Fig. 8, the simulation results and measurement results
are not match accurately, the reasons are given as follow.

Because the fringing fields that “fill” the area of the beam
holes, when the diameter of the holes is less than 3∼4 d1 [12],
the effect of the holes can be negligible when MEMS switch is
up state. In this paper, the hole size is designed as 3 × 3 (μm2),
but because the geometrical factors for the foundry process,
the measurement results is about 3.5 × 3.5–4.2 × 4.2 (μm2),
which affect capacitance and inductance of MEMS switch,
and the performances of filter will be affected, therefore, the
comparison between simulation and measurement results does
not show a good agreement.

When the frequency is greater than 26 GHz, Fig. 8(a)
shows the rejection factor (insertion loss) of one curve is
only −20 dB when it should have been −40 dB, which
is due to the test error, fabrication error, and the material
loss of the filter. The main error is caused by test. For
instance, the guide wave line was affected outside, which
will change performance of high frequency easily, and the
probe did not plunge into metal layer deeply enough, which
will also change the filter performance. All experiments test
environment (without any packaging, bring less than 1 dB
loss) and the effect of geometrical factors for the foundry
process (MEMS fabrication error). The metal material (Al)
is set as perfect electro-conductivity in momentum simulator,
which will lead to less than 1 dB loss. All of those affected
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TABLE IV

MEASURED PARAMETERS OF THE TUNABLE FILTER FOR DIFFERENT

VALUES OF BIAS VOLTAGE

the absolute value of capacitance, which would change the
resonance frequency and affect the rejection of performance.

Fig. 9 shows when tuning the switch height (d1), the
bandwidth of the filter changes. It has a retune loss of −2.5 dB
at 11.5 GHz and −3 dB bandwidth of 3 GHz with 13 V dc
voltage. When 23 V is loaded, the filter shows a retune loss
of −2.4 dB at 11.2 GHz and −3 dB bandwidth of 3.1 GHz.
When 33 V is loaded, the filter shows a retune loss of −2.6 dB
at 9.8 GHz and −3 dB bandwidth of 2.6 GHz. An analytic
improved approach is given in the following.

Fig. 7(b) shows the equivalent circuit [36]. The input
impedance is expressed as

Z = 3( jwC1 + 1

jwL1
)−1

+2

[(
jwL2 + 1

jwC2

)−1

+ jwCp

]−1

+2 jwCp + 2 jwL p. (10)

The −3 dB cut-off angular frequency (wc1, wc2) can be
determined as shown in (11) at the bottom of this page.

The bandwidth (BW ) of filter is approximately as shown in
(12) at the bottom of this page, where the f (L P , CP) is the
polynomial of L P and CP , and f (L P , CP ) is a determined
data. When MEMS switch height is reduced, the dates L2,
C2, and C1 increase, L1, L p , and CP keep constant, the value
of (1/L1+1/L2)

0.5[1−(C1C2)
0.5]/(C1 + C2)

0.5 decreases, and
the value of [L P L2C3

2 (C1 + L1)]0.5/[L1CPC3
1 (C2 + L1)]0.5

increases. But the value of whole function (17) is decreasing,
so the bandwidth BW decreases. The filter performance shows
the bandwidth decreases when the dc bias increases.

To keep bandwidth (BW ) constant, the structure of MEMS
switch is designed as in Fig. 10(b) and the parameters of
the tunable filter are adjusted by structure optimization as
Table IV. The structure in Fig. 10(a) is a symmetrical clamped

Fig. 10. MEMS switch structure. (a) MEMS switch in Fig. 9. (b) Revised
MEMS switch.

TABLE V

PARAMETERS OF THE UNIT STRUCTURE

MEMS switch [37], while Fig. 10(b) shows cantilever MEMS
switch, the width (l8) and length (l9) of MEMS switch is
changed to 130 and 380 μm in order to increase L2 and C2.
When the switch height (d1) decreases, the value of [L2CP C3

2
(C1 + L1)]0.5/[L1L P C3

1 (C2 + L1)]0.5 will increase faster
than before, which could make the bandwidth (BW ) keeping
constant as much as possible.

The improved filter is only simulated without fabrication.
Fig. 11 shows simulation results of the improved tunable
band-stop filter. When MEMS switch height (d1) is changed
from 1.2 to 0.15 μm, the bandwidth (at −3 dB) change from
8.7 to 8.3 GHz, and Fig. 11 shows parameters S11/S21 for
different values of the switch height (d1). The corresponding
data are summarized in Table V.

The performances in Fig. 8 have two peaks of rejection
rather than a single one; the reasons are as below.

The return loss is given by [1], and is shown in (13) at the
top of next page.

When S11 is equal to 0 in (18) and frequency is less
than 30 GHz, leading to three pole points, which means the

|S21| =
∣
∣∣
∣

2Z0

2Z0 + Z

∣
∣∣
∣ = 2Z0√

4Z2
0 +

{
3( jwC1 + 1

jwL1
)−1 + 2

[
( jwL2 + 1

jwC2
)−1 + jwCp

]−1 + 2 jwCp + 2 jwL p

}2
= 1√

2

(11)

BW = |wc1 − wc2|/2π ≈
∣
∣
∣∣
∣
∣

f (L P , CP )

2π

√
1

L1
+ 1

L2

1 − √
C1C2√

C1 + C2

√
L2CP C3

2(C1 + L1)
√

L1L P C3
1 (C2 + L1)

∣
∣
∣∣
∣
∣

(12)



2654 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 60, NO. 8, AUGUST 2013

d|S11|
dw

= d| Z
2Z0+Z |
dw

= d

⎛

⎜⎜
⎜
⎜
⎝

|3( jwC1 + 1
jwL1

)−1 + 2
[
( jwL2 + 1

jwC2
)−1 + jwCp

]−1 + 2 jwCp + 2 jwL p|
√

4Z2
0 +

{
3( jwC1 + 1

jwL1
)−1 + 2

[
( jwL2 + 1

jwC2
)−1 + jwCp

]−1 + 2 jwCp + 2 jwL p

}2

⎞

⎟⎟
⎟
⎟
⎠

/
dw = 0

(13)

Fig. 11. (a) Insertion loss of tunable filter. (b) Return loss of tunable filter.

TABLE VI

SIMULATION PARAMETERS OF THE TUNABLE FILTER FOR DIFFERENT

VALUES OF BRIDGE HEIGHT

performance of filter has two peaks of rejection rather than a
single one. Fig. 8(a) shows two peaks of rejection rather than
a single one as the results in [1] and [38].

V. CONCLUSION

The resonator unit was analyzed, the equivalent circuits
were modeled for the unit, and the performances showed
a good agreement between structure simulation and circuit
simulation. The parameter λ was used to analyze the capaci-
tance C1 and MEMS switch height (d1). An analytical process
was presented to design the MEMS switch structure for
the MEMS switch. Then the tunable band-stop filter was
designed, fabricated, and measured; the performances of the
filter showed that the tuning range of the filter was about
35%, and the experiment showed an acceptable agreement
between measured result and simulation results with the center
frequency from 8.8 to 12.3 GHz. In addition, an analytic
approach for the filter design made it possible to achieve a
constant bandwidth when tuning the MEMS switch height.

APPENDIX

In Section II, some deductions are given as following.
In (1), where w1, is the resonance frequency of shunt

resonator L1 − C1, w2, is the resonance frequency of shunt
resonator L2 − C2, w3, is the resonance frequency of shunt

resonator L1 − C2

w1 = 2π f1 = 1√
L1C1

w2 = 2π f2 = 1√
L2C2

w3 = 1√
L1C2

. (14)

The resonance frequencies are calculated when Z in = 0 in
(1), and then the value of resonances is given by

w2 =
(w2

1 + w2
2 + w2

3) ±
√

(w2
1 + w2

2 + w2
3)2 − 4w2

1w
2
2

2
.

(15)
There are four roots when Z in = 0. From (15), two of roots

are positive and the rest are negative, and we define wR1 and
wR2 are two positive roots of Z in = 0; the following conditions
can be satisfied:

w2
R1.w

2
R2 = w2

1 .w2
2w

2
R1 + w2

R2 = w2
1 + w2

2 + w2
3 . (16)

It will obtain the following:

w2
R1 = w2

1.w
2
2

w2
R2

,

w2
3 = w2

R1 + w2
R2 − w2

1 − w2
2,

= (w2
R1 + w2

R2).w
2
1 − w4

1 − w2
R1.w

2
R2

w2
1

. (17)

The parameters L1, L2, C1, can be expressed by C2, w1,
w2, wR1, wR2, using (14), (16), and (17)

L1 = w2
3

C2 =
(
(w2

R1 + w2
R2)w

2
1 − w4

1 − w2
1w

2
2

)
C2

w2
1

L2 = 1

w2
2C2

C1 = 1
(
(w2

R1 + w2
R2)w

2
1 − w4

1 − w2
1w

2
2

)
C2

(18)

where C2 is the capacitance between switch beam and bottom
electrode, containing two parts, the mainly capacitance Cud
and fringing capacitance C f .
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