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This paper details the design and simulation of a novel low-loss four-bit reconfigurable bandpass filter that integrates
microelectromechanical system (MEMS) switches and comb resonators. A T-shaped reconfigurable resonator is reconfig-
ured in a ‘one resonator, multiple MEMS switches’ configuration and used to gate the load capacitances of comb resonators
so that a multiple-frequency filtering function is realized within the 7-16 GHz frequency range. In addition, the insertion
loss of the filter is less than 1.99 dB, the out-of-band rejection is more than 18.30 dB, and the group delay is less than
0.25 ns. On the other hand, the size of this novel filter is only 4.4 mm x 2.5 mm x 0.4 mm. Our results indicate that this
MEMS reconfigurable filter, which can switch 16 central frequency bands through eight switches, achieves a low insertion
loss compared to those of traditional MEMS filters. In addition, the advantages of small size are obtained while achieving

high integration.

Keywords: four-bit, RF microelectromechanical system (MEMS) switch, reconfigurable filter, comb resonator

PACS: 85.85.+]

1. Introduction

Bandpass filters are widely used in microwave and
millimeter-wave circuits and systems due to their ability to

U-121 1y pe-

select or suppress signals at specific frequencies.
cent years, great attention has been paid to reconfigurable fil-
ters based on various circuit structures, owning to their ability
to reduce complexity and strengthen expansibility in modern
electronic systems. [13-19]

Traditional reconfigurable filters, including semiconduc-
tor filters,['* and MEMS filters,['>-17191 have been exten-
sively studied over the last two decades. However, these fil-
ters have shortcomings, such as large structural size, complex
structure, high loss, and low integration. Chuang et al.l'¥]
proposed a switchable filter with a selectable range of 0.9—
2.35 GHz based on the use of p—i—n diode switches. The max-
imum insertion loss of the filter was approximately 3 dB, and
the overall size was 97 mm x 32 mm. Since each diode was
too complicated to be integrated into a uniplanar filter struc-
ture, this reconfigurable bandpass filter had limitations, for in-
stance, a large size and large insertion loss. Moreover, based
on MEMS switches, Zhang et al.l'>! demonstrated an open-
loop reconfigurable filter composed of “open-loop” resonators
and cantilever MEMS switches with reconfigurable frequency
bands of 7.81 GHz and 8.35 GHz, respectively. The insertion

loss of this reconfigurable filter in the passband was smaller
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than 3.4 dB, and its size was 25 mm x 17 mm. Compared with
the device described in Ref. [14], its size was greatly reduced,
but it was still not conductive to integration into an RF module.

To address the abovementioned problems associated with
existing MEMS reconfigurable filters, this study proposes a
novel low-loss four-bit filter using RF MEMS switches. It can
switch 16 operating states through eight switches in the fre-
quency range of 7-16 GHz, and the overall size of this novel
proposed filter is only 4.4 mm x 2.5 mm X 0.4 mm. It can
effectively reduce insertion loss, reduce the system size, and
improve the reliability of the system.

2. Theory and design
2.1. Design of the MEMS switch

The reconfigurable filter has eight MEMS switches that
represent 16 operating states according to their positioning in
the ‘up’ and ‘down’ states. Ohmic contact MEMS switches

(20211 the equivalent

are employed to tune the filter frequency,
circuit diagram is shown in Fig. 1, in which Z, is the equiv-
alent impedance of a coplanar waveguide (CPW), Ry is the
resistance when the switch is “closed”, and C; is the coupling
capacitance formed by the cantilever beam and the CPW sig-
nal line when the switch is “open”.

The cantilever beam of the MEMS switch is a straight

plate structure that has the characteristics of a simple struc-
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ture and is easy to process. Additionally, to facilitate the re-
lease of the sacrificial layer and reduce the driving voltage of
the MEMS switch, several release holes are designed in the
cantilever beam. The structure and simulation results of the
MEMS switch are shown in Figs. 2(a) and 2(b), respectively.

@ L, s o, ®

cpw s cpw

o—illl—{ .o

Zcpw Cs Z

cpw

(e} O (e} 0

Fig. 1. Equivalent circuit diagram of the ohmic contact MEMS switch: (a)
“closed” state and (b) “open” state.
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Fig. 2. (a) Structure of the MEMS switch. (b) Simulation results of the
MEMS switch.

The elastic coefficient of the straight plate cantilever
beam design is mainly determined by the beam stiffness, k.
When the driving voltage is applied directly under the can-
tilever beam, it is equivalent to a distributed load acting on the
single-ended cantilever beam. Based on this, the elastic coef-

ficient k of the cantilever beam can be expressed as

kzz%Ew(%)i (1)

where [, w, ¢, and E are the length, width, thickness, and
Young’s modulus of the cantilever beam. The elastic coef-
ficient, k., of the designed cantilever beam is calculated to
be 1.024 N/m. The area between the cantilever beam and
the pull-down electrode is A = 18000 umz, and the distance
between the cantilever beam and the pull-down electrode is
g = 3.0 pm. According to the calculation, the driving voltage
isV=1241V.

Surface: total displacement (pm) pm
443

Yl.x v00

Fig. 3. Displacement simulation of the cantilever beam of the MEMS switch.

The coupling field finite-element software, COMSOL, is
used to simulate the cantilever beam of the MEMS switch, and

the simulation results are shown in Fig. 3. The cantilever beam
deforms under the action of static electricity, and the deforma-
tion is largest at its free end. When a distributed load is applied
directly under the cantilever beam, the maximum displace-
ment of the cantilever beam in the Z direction is 4.3 wm, which
is greater than the distance of 3.0 pm between the switch pull-
down electrode and the cantilever beam. We have therefore
determined that the structure of the designed switch is reason-
able.

2.2. Design of the comb resonator

In this study, a stepped impedance resonator (SIR) is ap-
plied to the comb resonator to realize the design of a miniatur-
ized filter. SIRs are divided into the A4 /4 type, the Aq/2 type,
and the A, type. The A,/4 type of SIR is selected because
of its small size and the location of the center of its second
passband at triple the base frequency. The Ay/4 type SIR is
composed of an open circuit and short circuit in series through
an impedance step junction. As shown in Fig. 4, the equivalent
impedance and equivalent electrical length of the open-circuit
end are (Z;, 6), and the equivalent impedance and equivalent
electrical length of the short-circuit end are (Z;, 6,), respec-
tively.

Zlvel Z2702

J
\4
A

Fig. 4. Schematic of a A4 /4-type SIR.

Equation (2) represents the input impedance, ignoring
the edge capacitance of the resonator. If the admittance is
Y; =1/Z; =0, the Ay /4-type SIR resonance condition can be
achieved as shown in Eq. (3). Thus, the A,/4-type SIR reso-
nance conditions are related to 6y, 6, and Z; /Z,.

Ztan0) + Zrtan 6, @
! 71 —Zptan 0 tan 6, ’
tan 0 tan 6, = Z; /ZQ. 3)

Zi=-iz

Equation (4) represents the total electrical length of the
Ag/4-type SIR. Compared with the electrical length of /2
of a uniform impedance resonator (whose open-end width is
equal to the short-end width), the SIR normalized resonator
length is

_ Z
=0, +6, =0, +tan ' [ ——— ). 4
Ora = 61+ 6, = 6; +tan (Zztan61> )

The comb resonator is composed of an arrangement of
parallel coupling lines, in which one end is short-circuited and
the other end is grounded through the lumped capacitor. Two
symmetrical 50 Q transmission lines are arranged at both ends

018506-2
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of the resonator to form input and output signal ends of the
resonator. [??]

In the schematic diagram of the comb resonator in Fig. 5,
C! represents the load capacitance corresponding to the cou-
pling line in section i, where W/ represents the width of the
coupling line in section i, L} represents the length of the cou-
pling line in section i, and S;;; represents the interval be-
tween the coupling line in section i and section i + 1 of the
resonator. Here, i = O—m. For narrowband comb resonators,
the coupling lines from sections one to m are all resonators.
The coupling lines of section zero and section m + 1 feed the
external circuit, which changes the impedance instead of act-

ing as a resonator.*!

C r’n‘Fz;[
T

W1

ZHE

Sm.m+1

L L L £ =
Fig. 5. Schematic diagram of the comb resonator.

Comb resonators have evolved from parallel coupling line
resonators, and the central frequency of the resonator is mainly
determined by the length of the resonator and the load capac-
itance. The coupling coefficient and the port load Q value of
the resonator can be calculated by!**

BW
Kig=——n (i=1,2,...,m), (5)
T /00 ( )
_ fooooi ~ f0OmOm+1
Qel - BW ] Qem - BW bl (6)

where o; is the Chebyshev low-pass prototype value, fj is the
center frequency of the filter, BW is the passband bandwidth
of the filter, and the K level is the coupling coefficient.

2.3. Design of the four-bit filter

Generally, the terminal load capacitance of the comb line
is small and fixed. The central frequency of the filter can be
adjusted by changing the capacitance if the fixed capacitance
is replaced by an adjustable capacitor. Equation (7) shows the
relationship between the central frequency of the filter, the res-
onator length, and the terminal capacitance value:

2 fotan(0)C =Y,, (7N

where Y, is the characteristic admittance of the resonator, 6
is the electrical length of the resonator, and C is the terminal
capacitance.

According to Eq. (7), the inverse relationship between the
resonance frequency and the capacitance can be obtained by
fixing the electrical length of the resonator and the specific ad-
mittance. Based on this characteristic, we designed a reconfig-
urable bandpass filter. The designed reconfigurable filter con-
sists of eight MEMS switches and comb resonators, and the se-
lection of a specific operating frequency band can be achieved
by controlling the gating state of the MEMS switches.

The reconfigurable filter in Fig. 6 is manufactured using
MEMS technology and is mainly composed of a substrate and
a metal structure.

Fig. 6. The structure of the reconfigurable filter.

The filter uses a microstrip line to transmit microwave
signals, and the characteristic impedance of its input/output
terminals is 50 Q. By controlling the size of each comb res-
onator and optimizing the spacing between them, a filter with
excellent performance can be obtained. The structural param-
eters are shown in Table 1.

Table 1. Structural parameters of the reconfigurable comb filter.

Dimension Value (pm) Dimension Value (pm)
Ly 895.5 w 352
L 420 Wi 65
Ls 1170 W, 1506
Ly 168 Ws 200
Ls 592 Wy 226
a 320 h 400

Using the ANSOFT HFSS software, the RF performance
of the four-bit filter based on MEMS switches is simulated,
and the simulation results are shown in Fig. 7. Figures 7(a)-
7(c) show the simulation results for the Sy, S1; and group de-
lays of the filter, respectively. The filter performance of each
switch state is shown in Table 2, where ‘1’ indicates that the
switch is on and ‘0’ indicates that the switch is off.

The simulation results indicate that for a frequency range
of 7-16 GHz, the maximum insertion loss of the filter is ap-
proximately 1.99 dB, the minimum out-of-band rejection is
about 18.30 dB, and the maximum bandpass group delay is
0.25 ns.
among reconfigurable bandpass filters, and the proposed filter

This four-bit filter exhibits excellent performance

can switch 16 channel frequencies with fewer switches.

018506-3
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Table 2. Corresponding filter performance of each switch state. f; is the frequency point of the sideband.

State fo (GHz) Insertion loss (I.L.) (dB)

Rejection out-of-band @(f}/, +0.5 GHz) (dB)

Bandpass group delay (ns)

>28.90 <0.25
>19.78 <0.12
> 18.41 <0.14
>19.16 <0.15
> 18.30 <0.14
>19.35 <0.17
> 19.14 <0.16
>19.55 <0.18
> 18.62 <0.14
> 19.46 <0.19
>20.41 <0.18
>20.47 <0.20
>19.53 <0.17
>19.90 <0.18
>19.32 <0.18
>20.04 <0.19

0000 8.16 1.99
0001 14.14 153
0010 14.51 151
0011 14.64 1.28
0100 14.52 142
0101 14.85 1.16
0110 14.79 123
0111 14.87 114
1000 14.31 145
1001 14.94 112
1010 14.84 1.08
1011 14.97 1.10
1100 14.59 1.02
1101 14.99 1.08
1110 14.91 1.10
111 15.00 1.06
)
)
3
W
0F L N — 0000
" W/ | =
—10f \ '\\4\,\\’,,,,\\»“ — 0011
| i i
~  —20f ” — 0110
g | I — 0111
= ‘ — 1000
o~ — i
R =
—40r —1101
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_ R 1 L) R 1 R 1 R R
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Frequency (GHz)
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=
=

—

W 117

14
Frequency (GHz)

Fig. 7. Simulation results for the filter: (a) S»1, (b) S11, and (c) group delay.

Table 3 provides a comparison between the results for
currently used reconfigurable filters and the filter designed in
this study. As can be seen from Table 3, the proposed filter is

able to switch 16 channel frequencies with the least number of
switches, thus improving the reliability of the filter. Compared
with current reconfigurable band-pass filters, the proposed fil-
ter has the advantages of low insertion loss, small size, and

high integration.

Table 3. Comparison of reconfigurable bandpass filters.

Channel Switch

Ref. fo(GHz)  LL.(dB) Size (mm?)
No. No.
200511 6.54-9.73 3-4 16 20 5x4
2008121 4.17-591  1.53-2.75 8 10 ~10%x9
2015141 0.90-2.35 1.4-4.9 2 3 97 x 32
20161201 21.69-24.36 2.81-4.03 4 2 1.56 x 1.46
201751~ 7.81-8.35 ~3 2 4 25 %17
This work  8.16-15.00  1.02-1.99 16 8 44x25

2.4. Fabrication and measurement of the RF MEMS
switch

The MEMS switch, as the core device of the reconfig-
urable filter, is fabricated using micro—nano surface technol-
ogy. Figure 8 illustrates the fabrication process of the MEMS
switch.

First, a thermal oxide layer is grown by a wet etching pro-
cess on a silicon wafer with a thickness of 400 um. Second,
a silicon nitride layer is deposited by plasmaenhanced chemi-
cal vapor deposition (PECVD). Third, a square silicon nitride
layer is etched by reactive ion etching (RIE). Fourth, an alu-
minum (Al) layer is sputtered by magnetron sputtering to fab-
ricate the drive electrode. Subsequently, an Au layer with a
thickness of 2 um is plated to fabricate the transmission line
of the MEMS switch. Then, a polyimide (PI) sacrificial layer
is spun and cured. Next, on the sacrificial layer, an Au layer
with a thickness of 2 um is electroplated to fabricate the top
electrode. Finally, the sacrificial layer is released by RIE, and
the MEMS switch is finally fabricated.

018506-4
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1. Thermal oxidation 2. PECVD SiN

3. RIE etching 4. Sputtering and pattern

actuation electrode

5. Electroplating and pattern
microstrip line

6. Spinning and cured PI

| ——

7. Electroplating top electrode 8. Release PI

msi mSio, MmSi;N, @Al OAu  OPI

Fig. 8. The fabrication processes of the MEMS switch.
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Fig. 9. Measured results of the MEMS switch: (a) S;, (b) switching on time
and (c) switching off time.

The measured results in Fig. 9(a) show that the insertion
loss of the MEMS switch is approximately 1.0 dB and the iso-
lation is more than 22.0 dB in the range of 7-16 GHz, which
satisfy the design specification requirements. Figures 9(b) and

9(c) show the switching on and switching off times of the
switch, respectively. As the actuation signal rises from zero to
the signal voltage, the switch starts to pull down and achieves
a stable contact after multiple bounces; and the switching on
time of the switch is about 48.2 pus. When the actuation sig-
nal drops from the pull-down voltage to zero, the switching
off of the switch from the “on” state to the “off” state takes
about 8.1 ps. On the other hand, reliability is a key metric
of a MEMS reconfigurable filter, and the switching life of a
MEMS switch can be up to 107 times. After many tests, the
insertion loss changed little and the repeatability was good,
which confirms the performance of the reconfigurable filter.

3. Conclusions and perspectives

In this study, the current development status of reconfig-
urable filters is first analyzed, and then a four-bit bandpass fil-
ter with a small size, low loss, and strong reconfigurability is
designed. The terminal load capacitance of the comb resonator
can be changed by MEMS switches, thus tuning the filter. The
results show that this filter has good performance within a 7—
16 GHz operational frequency range and can be used in multi-
frequency complex communication systems. As a result, it has
great potential for use in channel selection, image suppression,

duplexing, and multichannel communication.
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