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Abstract

®

CrossMark

In this paper, an analytical method of resonant frequency, tuning range, the effective relative
dielectric constant, and characteristic impedance is proposed, which is for coplanar waveguide
(CPW) resonator loaded by defected ground structure (DGS) and micro-electromechanical
systems (MEMS) capacitors. The analytical solution is achieved by an employing equivalent
method. The resonant frequency, tuning range, and effective relative dielectric constant are
obtained by the analytical solution. For verifying the effectiveness of the proposed method, a

CPW tunable bandstop filter (BSF) with DGS and MEMS capacitors is designed, simulated, and
fabricated, results show good effectiveness of the proposed analysis method. By changing the
height of the MEMS beam with the actuation voltage, the designed BSF can switch the center
frequency among three states (i.e. 18.5 GHz, 18.2 GHz, 17.5 GHz, respectively), and fractional

bandwidth is changed as well (i.e. 37.8%, 45.6%, 49.5%, respectively).

Keywords: CPW resonator, DGS, MEMS capacitors, effective relative dielectric constant,

characteristic impedance

(Some figures may appear in colour only in the online journal)

1. Introduction

In the planar radio frequency circuits and systems, the coplanar
waveguide (CPW), periodically loaded by defected ground
structure (DGS) [1, 2], have attracted much attention, owing
to its attractive features such as compact structure [3], easy
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insertion of shunt or series active devices, and low sub-
strate dependence [4]. CPW loaded by DGS has been stud-
ied in many aspects such as resonant frequency and equival-
ent circuit and been widely employed in filter design [5-11].
Microstrip bandstop filters (BSFs) also often use DGS and
stepped impedance resonators to obtain the stopband [12].
However, little work, to date, has been done in CPW reson-
ator [13] loaded by both DGS and micro-electromechanical
systems (MEMS) capacitors synchronously [14, 15]. Most of
the articles only describe the performance and lack some cor-
responding analysis methods. MEMS capacitive devices have
demonstrated some superiorities [16, 17], such as lower loss,
lower parasitics and high linearity, in comparison to other
varactor devices [18-20], it can be used in tuned filter [21]
and reconfigurable antenna design [8, 22-24]. Bandstop DGS

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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Figure 1. The MEMS bridge capacitor and equivalent circuit. (a) MEMS bridge capacitor. (b) Cross-sectional schematic. (c) Equivalent

circuit.

resonator is usually studied by using equivalent circuit model
due to its slow-wave effect and band resistance characterist-
ics [25, 26], which is obtained by fitting resonant response
curve [10, 27]. In literature [11], the bandstop resonant char-
acteristic of CPW with DGS was modeled by a parallel RLC
resonator in parallel connection, but this characteristic is con-
tradictorily described by a series connection of a parallel RLC
resonator in [6, 9]. All those methods fail to reveal the inher-
ent reason of the resonant characteristic [28]. To date, the ana-
lysis method of CPW loaded by DGS and MEMS capacitors
is rarely reported in available works of literature.

In this paper, the CPW is loaded by DGS and MEMS capa-
citors, and its bandstop resonant characteristic is analyzed by
using an equivalent method, the resonant frequency, tuning
range, and effective relative dielectric constant are obtained
by an analytical solution. The paper uses the finite element
method of the commercial software ANSOFT HFSS for sim-
ulation, and the simulation data are exported and plotted by
MATLAB. The main contributions of this paper are (a) the
MEMS capacitive device is analyzed; (b) the effective relative
dielectric constant of the DGS and MEMS capacitors load-
ing CPW are formulated; (c) the resonant frequency and tun-
ing range are calculated, those expressions are associated with
the structural parameters of the DGS and the MEMS capa-
citor. For verifying the effectiveness of the proposed method,
we designed, simulated, and fabricated a CPW tunable BSF
with DGS and MEMS capacitors, the results illustrate the good
effects of the proposed analysis method.

2. Analysis of the DGS and MEMS capacitors
loading CPW tunable resonator

2.1. MEMS bridge capacitor

A MEMS bridge capacitor is presented in figures 1(a) and (b),
it consists of a MEMS bridge with releasing holes, a dielectric
layer, the CPW transmission line, and the silicon substrate. Its
equivalent circuit is shown in figure 1(c). The wave port of the
characteristic impedance Z, denotes the characteristic imped-
ance of the transmission line between the wave port and the
edge of the MEMS bridge. Ry, and Ly, are the equivalent resist-
ance and equivalent inductance of the capacitor, respectively.
Hence, the capacitance Cy, is expressed as:

ey

where ¢ is the dielectric constant in free space, 4 is the initial
air gap between the MEMS bridge and the Si;N, dielectric
layer when no actuation voltage is applied, and €, is the relative
dielectric constant of the SizNy dielectric. ¢, is the thickness
of the dielectric layer, and A is the area where the upper and
downer metallic bridge and the dielectric layer overlap. Cy is
the fringe capacitive. Because the dielectric layer is very thin,
the edge capacitive is ignored in the calculation. The phase
delay of the signal current will be generated when the current
passes over the bridge, and this phase delay has been taken
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Figure 2. S parameters under the different air gap.

into account by adding a certain additional line with length
(W+AD/2. When the operating frequency is far below the self-
resonance of the bridge, one may absorb its reactive effective
in Cy [20]. The length of Al and the value of capacitance Cy,
can be calculated by using software simulation.

In this paper, the length of W and the L are 100 and 320
pm, respectively. The circuit parameters Cyy, Ly, and Ry, can
be extracted accurately from the S21 and S11 results. Al is the
distance from the reference surface to the edge of the MEMS
bridge, which is 15 pm. Thus, the simulated result of Cy, is 65
fF. The simulated S parameters of the MEMS bridge capacitor
is shown in figure 2, under several different air gap between
MEMS bridge beam and the signal transmission line.

2.2. DGS and MEMS bridge capacitors loading CPW
tunable resonator

As we know, the phase velocity and the characteristic imped-
ance of the transmission line are determined by the induct-
ance and capacitance per unit length (whether the transmis-
sion line is loaded by DGS and MEMS bridge capacitors or
not). The variations of the phase velocity, propagation con-
stant, and characteristic impedance should be attributed to the
changes of the effective relative dielectric constant because the
relative permeability keeps unchanged for the non-magnetic
media. However, little work, to date, has been done in the
relationship between the effective relative dielectric constant
and the transmission line structure (including the capacitance
per unit length). The phase velocity, propagation constant, and
characteristic impedance are expressed by the inductance and
capacitance per unit length,

—_—

= VLoCy
Bo = wv/LoCo )

L
Zo= 4] =2
Co
where, the w is the operating angular frequency, Ly and Cy are
the inductance and capacitance per unit length of the unloaded

CPW transmission line, respectively. The CPW transmission
line is designed with a size of 60/100/60 pm, and the charac-
teristic impedance is 50.58 Ohms. Similarly, when the CPW
was loaded by DGS, the phase velocity, propagation constant,
and characteristic impedance parameters v, 3 and Z; can be
expressed by the inductance and capacitance per unit length
L; and Cy; the phase velocity, propagation constant and char-
acteristic impedance parameters v,, 3, and Z, of the DGS
and MEMS bridge capacitors loading transmission line can be
calculated by the inductance and capacitance per unit length
L, and C,. The CPW transmission line, DGS loading CPW
transmission line, and DGS and four MEMS bridge capacit-
ors loading transmission line are shown in figures 3(a)—(c),
respectively.

CPW transmission line with DGS possesses the properties
of bandstop and slow-wave, the bandstop resonance perform-
ance of figure 3(b) is shown in figure 4(a). The MEMS capa-
citors loading transmission line also provide electronically-
variable phase and group delay through control actuating
voltage of the MEMS bridge capacitors, hence, it can cause
the phase and time delay of the signal. Therefore, the combin-
ation of the DGS and MEMS capacitors will provide greater
phase delay than the only DGS or MEMS capacitors loading.
When the capacitance value of MEMS capacitors is changed
by the actuating voltage applied to those MEMS capacitors,
the air gap between the MEMS bridge beam and CPW trans-
mission line is changed correspondingly. Hence, the resonant
frequency of the structure shown in figure 3(c) is tuned, the res-
ult is shown in figure 4(b). A Q factor of CPW transmission
line load DGS is 1.82. The Q factors of CPW transmission
line load DGS and MEMS bridge capacitors are 1.47, 1.31,
0.97, and 0.70 when the gaps are at 2, 1.5, 1, and 0.5 um,
respectively.

According to the comparisons of resonant frequency
changes shown in figure 4, the resonant frequency of structure
figure 3(c) is far below the structure figure 3(b), this demon-
strates the conclusion that the phase delay of MEMS capacit-
ors and DGS loading CPW transmission line is greater than
the only DGS loading CPW transmission line.

According to the equivalent circuit analysis of the trans-
mission line loaded by DGS and CPW bridge capacitors, the
inductance per unit length remains almost unchanged (because
there no magnetic materials), i.e. Ly = L; = L. Thus, the char-
acteristic impedance Z; and the effective relative dielectric
constant are as follows,

Co

Co + Cpgs 3)
e = *Lo(Co+ Cpas)

Z1=12

where the Cpgg is additional capacitance when the CPW trans-
mission line is loaded by DGS. The characteristic impedance
Z, and effective relative dielectric constant €,; can be determ-
inate by simulation or the conformal transformation method
[29].

The characteristic impedance Z, and the effective relative
dielectric constant ¢, are as follows,
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Figure 3. CPW loaded by DGS and/or MEMS capacitors and its parameters. (a) CPW transmission line. (b) CPW loaded by DGS. (c) CPW
loaded by DGS and MEMS capacitors.
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Figure 4. DGS and MEMS bridge capacitors loading CPW

transmission line. (a) Without MEMS bridge capacitors. (b) With

the MEMS bridge capacitors.
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where, c is the light velocity in the free space, Cygys is the
additional capacitance when the CPW transmission line is
loaded by the MEMS bridge capacitors, respectively. When
the characteristic impedance Z; and the effective relative
dielectric constant ¢,; are determined, one can insert the
equation (3) into the equation (4) and obtain the value of the
characteristic impedance Z, and the effective relative dielec-
tric constant ¢,.

To a first-order approximation (i.e. the load effects are neg-
lected without loss of generality), the DGS and MEMS bridge
capacitor loading CPW operates at a resonant state when the
phase delay reaches 7 radian. Therefore, the center frequency
is expressed as,

e

wre n(s+w+ Al)/En

&)
Hence, the range of the resonant frequency is expressed as,

Aw, = (Xz _ X>
no\ Xe X1

(6)

the length tuning factor x; and the equivalent relative dielectric
constant tuning factor . are as follows,

s+w+ Alpax
XI= T~ (N
S+w+ Almin
Yo = [ €r2,min (8)
€2, max

where the Al and Al are the maximum and minimum
value of the additional length Al, €2 max and €, min are max-
imum and minimum value of the equivalent relative dielectric
constant €,,, respectively. As shown in figure 4(b), the range of
the resonant frequency is 17.0-18.5 GHz, the fractional band-
width is 8.5%.
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Figure 5. Proposed DGS and MEMS capacitors loading CPW BSF. (a) The top view of the proposed BSF. (b) The 3D view of the filter. (c)

The micrograph of the fabricated filter.

3. Results verification and fabrication

For verifying the effectiveness of the proposed method, a CPW
tunable BSF with DGS and MEMS capacitors is designed.
The simulation structure of the proposed BSF is based on sub-
strate silicon, with relative permittivity of 11.9, the thickness
of 400 pm, and tangent angle loss of 0.01. The BSF consists
of two proposed DGS and four MEMS bridge capacitors, xoz
is their symmetrical plane. The structure size values of the fil-
ter marked in figure 5(a). The structure of the proposed BSF
is shown in figure 5.

We cascade two unit cells (containing DGS and MEMS
bridge capacitors) to construct a second-order BSF. The unit
cell can be cascaded to form an Nth order BSF. Figure 6 shows
the equivalent circuit diagram of the BSF. A part of the elec-
tromagnetic signal flows to the open shortcut of the DGS, so
two open resonators are realized. A BSF with two resonant
frequency points is formed.

By changing the actuating voltage applied to the MEMS
capacitors, the gap between the CPW signal line and the
MEMS bridge beam is adjusted. Therefore, the capacitance
value is changed accordingly. When the CPW transmission
line with DGS is loaded by the different capacitance values,
the characteristic impedance and equivalent relative dielectric
constant is changed. Thus, the resonant frequency is tuned, and

the center frequency and fractional bandwidth of the BSF are
tuned as well.

The comparison between simulation and measurement res-
ults from figure 7 shows that S-parameters at the second reson-
ance point are smaller than the simulation value. The resonant
frequency and bandwidth are in good agreement with the sim-
ulation results. The measured stopband rejection is poorer than
the simulation. This is mainly due to the incomplete release
of the polyimide and the fact that the surface of the MEMS
bridge and dielectric layer is not flat. When the manufacturing
process has a good release and flatness, stopband rejection will
be greatly improved. Because the actuation voltage is difficult
to precisely control the height of the bridge beam, the value of
the MEMS capacitor is difficult to get accurately.

As shown in table 1 and figure 7, the measured results
revealed a —3 dB bandwidth of 14.5 GHz, a —10 dB band-
width from 15 to 22.5 GHz, a rejection level of —32.71 dB,
and a Q factor of 1.245. By changing the gap between CPW
signal line and MEMS bridge beam, the designed BSF can
switch the center frequency among three states (i.e. 18.5 GHz,
18.2 GHz, 17.5 GHz, respectively), and fractional bandwidth
is changed as well (i.e. 37.8%, 45.6%, 49.5%, respectively).
Table 2 shows a comparison of filters from recent years. The
fabrication technology was shown in figure 8. The proposed
BSF can be applied to the satellite communication system.
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Figure 7. The performance of the tuning BSF. (a) The simulation of the proposed filter. (b) The S parameters of measurement and

simulation.
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Table 1. The center frequency and fractional bandwidth of the BSF.

Gap height Center frequency Fractional bandwidth
(um) (GHz) (%)
0 18.5 37.8
1 18.2 45.6
2 17.5 49.5
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Table 2. Comparison with published MEMS filters.

Center
frequency 3 dB band Band rejection  Tuning range
Reference Type Structure (GHz) width (GHz) Loss (dB) (dB) (%)
[6] Bandstop Three cascaded 4.67 0.221 1 —40.4 —
hairpin-shaped
DGSs
[8] Bandstop Hybrid resonator 8.5,9.8,11.2, 2.1,2.6, 2.3 —20 35
and MEMS capa- 11.8,12.3 3.1,35,4
citors
[9] Bandstop EBG structures 31.4 13.2 2 —45 —
[11] Bandpass DGS 60 6.8 2 — —
[24] Bandstop Metamaterials and  35.32, 38.80 — — —-20.19,—18.29 —
MEMS varactors
[30] Bandpass =~ MEMS capacitive ~ 24.36, 23.2, 1.3167, 2.81,3.27, — 54,62,
switch, the MEMS  22.24,21.69 1.4364, 3.65, 4.03 5.7,5.9
capacitor and the 1.2768,
short metal line 1.2768
[31] Bandpass  The ‘open-ring’ 7.81, 8.35 0.3 34 — —
resonators and
MEMS switches
This work Bandstop =~ MEMS capacitors  17.2,18.2,185 — — —32.71 5.53
and DGS
a
(a) (b) (c) (@)
— Sif, insulating layer
Sifl dielectric layer
(e) (f) (8) (h)

Figure 8. The fabrication of the filter: (a) SiO; layer; (b) DC bias line;

(c) Si3Ny insulating layer; (d) transmission line, anchor, electrode;

(e) SizNy dielectric layer; (f) sacrificial layer and bridge beam; (g) release the sacrificial layer; (h) color code index.

4. Conclusions

DGS and MEMS capacitors loading CPW transmission line
are analyzed in this paper, and the characteristic impedance
and the equivalent relative dielectric constant of unit length
are obtained for the implementation of the tuning resonator.
The closed-form expressions of equivalent relative dielectric
constant, characteristic impedance, and tuning range of the
resonator are formulated. The proposed method is verified by
designing a center frequency and fractional bandwidth tuning
BSF, which shows that this method is a good way to analyze
and calculate the parameters of DGS and MEMS capacitors
loading CPW.
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Appendix

The detailed math derivation processes of some formulas are
listed below.

The relationship between phase propagation constant (3,
signal phase velocity v, and the equivalent relative dielectric
constant €,

1
B8=wVLC,c=
w o c “"i"LC (A1)
Vv, = —-=——,¢=cLC.
PT B8 /e
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Table A1. The comparison of simulated analysis response and measured results.
Parameters Simulation results Measured results
Height of MEMS bridge 2 pm 2 pm
First resonant frequency 16.25 GHz 16.50 GHz
Corresponding bandstop rejection —47.23 dB —32.71dB
Second resonant frequency 20.21 GHz 22.26 GHz
Corresponding bandstop rejection —15.28 dB —11.67dB
—3 dB band 11.87 GHz-20.54 GHz 14.03 GH-22.42 GHz
When the signal pass over the DGS and MEMS capacitors wo— ™ c
loading CPW, the phase shift 6,0 " onlee  n(s+wHAl) \En
m c
Wr,max =
C n(s+w~+ Alnin) /Zr2.mn (A4)
emm—ﬂJ—wms+w+AUVQ<C+s+xﬁﬁu>.uv) o — T ¢
r, -
n(s +w+ Almax) v/ €r2,max

The equivalent relative dielectric constant €,, of the DGS
and MEMS capacitors loading CPW.

2 CumEms Z1¢>VLCCygus V'L
Ep=cL|C+—"""— ) =¢1+
s+w+ Al VC(s+w+Al) cvV/L
ZCygus ¢
=¢eq |1+ ) A3
‘{ @+w+AUvaJ (A3)

The maximum and minimum resonant frequency of the
DGS and MEMS capacitors loading tuning resonator wy max,

Wr,min

AWr = Wrmax — Wrmin.

Table Al is the comparison of the simulated analysis
response and the measured results, which shows a very good
agreement and validates the proposed equation.

The range of resonant frequency of the DGS and MEMS
capacitors loading tuning resonator Aw;.

Aww, — 7c {(S + W+ Almax) /Er2max — (s +w + Almin)\/5r2,min:|
' n(s +w 4 Almax ) (s + W + Alin ) \ /22, maxr2,min

n
:”C(Xl_xe)
n Xe X1
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