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Abstract. This paper presents the design and modeling of an electrostatically actuated ca-
pacitive shunt RF MEMS switch with a floating electrode for S-band operation. The proposed
architecture incorporates a mechanically fixed, electrically floating metal electrode positioned
above the signal line and separated from it by a high-k TiO, dielectric layer. This configuration
substantially increases the down-state capacitance and improves signal isolation without requiring
extremely small interelectrode gaps. The switch is implemented on a coplanar waveguide and
uses an aluminum membrane with meander suspensions and perforation to reduce the effective
stiffness, actuation voltage, and switching time. The main electromechanical parameters were
evaluated analytically and verified by finite element modeling in COMSOL Multiphysics, while
the RF performance was analyzed using electromagnetic simulation in ANSYS HFSS. The final
design demonstrates a pull-in voltage of 2.7 V, a closing time of 18 us, a down-state capacitance
of 247 pF, and an up-state capacitance of 9.6 fE In the 2—4 GHz range, the simulated up-state
insertion loss is from —0.012 to —0.14 dB, and the down-state isolation is from —43.3 to —89.75 dB.
The results show that the floating-electrode architecture provides a high capacitance ratio and
significantly enhances the RF performance of the capacitive shunt MEMS switch.
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Annotamms. [IpeacraBieHbl pa3paboTKa apXUTEKTYpbl U MaTeMaTUYECKOe MOJIeTMpOBaHUE
BJIEKTPOCTATUIECKOTO IIYHTHPYIOIIETO pagrodacToTHOro MOMC-niepekiaouaresis ¢ IUIaBaro-
UM 3JIEKTPOAOM, TIpeAHAa3HAUYCHHOTO MJII paboThl B S-mmarazoHe. OTINMINTEIbHON 0COOCH-
HOCTBIO TPEIJOKEHHOM KOHCTPYKIIMM SIBJISIETCS BBEACHUE HEIOABMXKHOTO METaIMYecKO-
ro IJaBaloIIero 2JeKTPoaa, pa3MEeIIeHHOIO Hal CUTHaJIbHOW JMHUEN M OTAEJIEHHOTO OT Hee
cnoeM high-k nuanexrpuka TiO,, 4To obGecneynBaeT CyUIECTBEHHOE YBETUYEHUE EMKOCTH B
3aMKHYTOM COCTOSIHUHU U TIOBBIIIEHUE U30JsauU. [lepexiioyaresb peain3oBaH HA OCHOBE KO-
IUTAHAPHOTO BOJHOBOMIA M COIASPKUT aTIOMUHUEBYIO MEMOpaHy ¢ MEaHAPOBBEIMM MOABECAMU U
nepdopanueit, ooeceYnBaOINMU CHIKEHNUE 3 (HEKTUBHON XECTKOCTU M paboyero Hamps-
JKeHUsI. BBIMTOJHEHB aHATUTUYECKUM pacyeT OCHOBHBIX 3J1€KTPOMEXaHUYECKUX ITapaMeTpOB,
MoJleJupoBaHue mnepexomaHbix mpoieccoB B COMSOL Multiphysics u aaeKTpoMarHUTHOE
mogaenupoBanue B ANSYS HFSS. [lns pa3zpaboTaHHON KOHCTPYKLIMU TTOJYYEHbI ClIeAYIolIne
XapaKTepUCTUKU: HampsikeHue cpabatsiBaHus 2,7 B, Bpems 3ambikaHust 18 MKC, eMKOCTh B
3aMKHYTOM M Pa30MKHYTOM cocTosiHUsIX 247 d u 9,6 D coorBeTcTBeHHO. B tranazone 2—4 I'Tix
paccunTaHbl BHOcUMbIe TToTepu oT —0,012 mo —0,14 n1b u m3omsaumsa or —43,3 mo —89,75 nb.
ITokazaHo, YTO MCITOJb30BaHME ILIABAIOIIETO IJIEKTPOIA MO3BOJSECT CYIIECTBEHHO YBEJIMYUTH
OTHOIIIEHUE eMKOCTeI U 00eCTIeUnTh YIydllIeHUEe paToYacTOTHBIX XapaKTepPUCTUK.

Kmouessie ciioBa: P4 MOM C-niepekimouarelb, ITyHTUPYIOMIAS apXUTEKTypa, BHOCHUMEBIC ITOTE-
pu, S-mapaMeTpsl, IJIaBAIOIINIA 3JIEKTPO, S-IraIra3oH
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«[IporpammHasl peanu3alys UHTE/UIEKTYaIbHOM CUCTEMbI IJis CUHTe3a KOHCTpyKiuuii MOMC
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Introduction

Modern wireless communication systems, radar systems, satellite platforms, and Internet of Things
devices impose increasingly stringent requirements on radio-frequency (RF) switching components
operating in the ultrahigh-frequency range. For such devices, low insertion loss in the transmitting
state, high isolation in the blocked state, low power consumption, and technological compatibility
with integrated fabrication processes are critical. Conventional semiconductor switches, including
PIN diodes and field-effect transistors, provide high switching speed and compactness; however, at
high frequencies they are characterized by noticeable losses. Against this background, RF MEMS
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switches are regarded as a promising class of devices combining low insertion loss, high isolation, high
linearity, and low power consumption [1—4].

Electrostatically actuated capacitive shunt RF MEMS switches are of particular interest. This ar-
chitecture provides efficient shunting of the signal to ground in the down state and makes it possible
to achieve high isolation over a wide frequency range at low control power. However, two limitations
remain relevant for this class of devices: a relatively high pull-in voltage and the need to increase the
capacitance ratio between the up and down states, which directly determines the ultimate radio-fre-
quency performance of the switch. It has been shown in the literature that the pull-in voltage can
be reduced by decreasing the effective stiffness of the movable element, using meander suspensions,
introducing membrane perforation, and selecting a material with suitable mechanical properties. At
the same time, increasing the capacitance ratio requires special design solutions that go beyond the
conventional “membrane—dielectric—signal line” configuration [2, 5—8].

In recent years, RF MEMS switch designs aimed simultaneously at low-voltage actuation, while
actively investigating improved isolation. Modified geometries of elastic elements, combined contact
configurations, and additional capacitive elements have been used for this purpose, making it possible
to control the effective capacitance of the structure. However, in many known solutions, improved
radio-frequency characteristics are achieved either at the cost of more complex fabrication technol-
ogy or by reducing the interelectrode gaps. This, in turn, increases the sensitivity of the device to
fabrication tolerances, residual mechanical stresses, stiction, and dielectric charging effects [6—11].
Therefore, the search for architecture that provides a substantial increase in the down-state capaci-
tance without using critically small interelectrode gaps remains highly relevant.

One promising approach to this problem is the use of a floating electrode, i.e., an additional fixed
metal plate located above the signal line and separated from it by a thin high-k dielectric layer. When
the membrane is pulled down, this configuration forms an equivalent system with a substantially
higher shunt capacitance than that of a conventional capacitive switch. As a result, high isolation can
be achieved while maintaining an acceptable pull-in voltage and technologically feasible structural
dimensions. The complete set of electromechanical and electromagnetic characteristics of such an
architecture, including the pull-in voltage, switching time, capacitance ratio, and S-parameters, re-
quires comprehensive analytical and numerical investigation [9—11].

The practical significance of developing such switches is associated with the expansion of their ap-
plication areas in modern wireless and satellite systems, as well as in reconfigurable radio-frequency
front ends. For the S-band, this problem is of particular interest because this frequency range is widely
used in communication systems, satellite channels, and a number of mass-market radio interfaces.
Recent studies, including review papers, emphasize that further progress in RF MEMS devices is as-
sociated with the search for designs that combine low actuation voltage, high isolation, technological
reproducibility, and stable performance [10—13].

In this paper, an electrostatically actuated capacitive shunt RF MEMS switch with a floating elec-
trode is considered. The switch is implemented on a coplanar waveguide (CPW) and is intended for
operation in the S-band. The proposed design includes an aluminum membrane with meander sus-
pensions and perforation, as well as a floating electrode separated from the signal line by a TiO, layer.
The aim of this work is to perform mathematical modeling of an electrostatically actuated capacitive
shunt RF MEMS switch with a floating electrode for the S-band and to evaluate the possibility of
achieving competitive electromechanical and radio-frequency characteristics.

Methods

Switch architecture and operating principle
The investigated device is an electrostatically actuated capacitive shunt RF MEMS switch implement-
ed on a sapphire substrate with a CPW. The schematic design is shown in Fig. 1. The shunt configuration
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Fig. 1. Proposed design of the electrostatically actuated capacitive shunt RF MEMS switch with a floating
electrode: geometrical model (a); top view of the membrane with meander suspensions and perforation (b)

was selected because such structures combine low insertion loss in the signal-transmission state and
high isolation in the signal-blocking state [3, 6, 14, 15]. A bridge-type architecture with a movable metal
membrane located above the signal line and the actuation electrodes was used as the baseline design.

The key feature of the proposed design is the introduction of a floating electrode, i.e., a fixed
metal plate placed above the signal line and separated from it by a thin TiO, high-k dielectric layer.
This configuration forms a metal—dielectric—metal (MDM) capacitor and substantially increases the
equivalent shunt capacitance in the down state compared with a conventional capacitive switch [9,
16]. The movable element is an aluminum membrane with meander suspensions and perforation. The
meanders are used to reduce the effective stiffness of the movable system and decrease the pull-in
voltage [15, 17, 18], whereas the perforation is introduced for both technological and electromecha-
nical reasons: it facilitates the removal of the sacrificial layer during membrane release, decreases the
membrane mass, and affects the dynamic characteristics of the switch [17, 18].

In the up state, the membrane is separated from the floating electrode, and the signal line is not
shunted to ground. When a control voltage is applied between the membrane and the lower elec-
trodes, an electrostatic force arises and deflects the membrane toward the signal line. After the pull-in
voltage is reached, the membrane comes into contact with the electrode. As a result, the equivalent
shunt capacitance sharply increases, and the signal propagating along the line is suppressed. Thus,
the structural novelty of the investigated device consists in combining a floating electrode, meander
suspensions, and a perforated membrane within a single shunt architecture.

The main design parameters of the RF MEMS switch are given in Table 1. The design dimensions
were chosen to provide operation in the 2—4 GHz range, match the CPW to a characteristic impe-
dance of 50 QQ, and maintain technologically feasible interelectrode gaps.

Analytical model

For a preliminary assessment of the switch characteristics, a lumped-parameter model was used.
The model relates the geometrical dimensions of the structure, the mechanical properties of the mem-
brane, and the electrostatic actuation force. The total equivalent stiffness of the movable system (K full)
was calculated by taking into account the contributions of the central membrane section, the wider
membrane sections, the meander suspensions, and the connecting beams [7, 10, 15, 17]:

-1
1 2 4

K.,=|—+ + , 1

fl (Km K., K __+K J (1

meand beam

where Km is the stiffness of the central narrow part of the membrane, Kmb is the stiffness of the wider
membrane sections, Kmean , is the stiffness of the meander suspensions, and K beam 1S the stiffness of the
connecting beams between the meanders and the membrane.

The stiffnesses of the meander suspensions and the connecting beams were determined using the
following expressions [7, 15, 17]:
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Table 1
Main design parameters of the RF MEMS switch
Parameter Value
Substrate material Sapphire
Substrate thickness 500 um
Material of the membrane and suspensions Al
Material of the conductive layers Cr—Cu
Dielectric material TiO,
Width of the central CPW conductor, W, 100 pm
CPWslot width, g 60 um
Width of the ground planes, Wg 400 um
Membrane length, L 80 um
Membrane width, W 20 um
Membrane thickness, ¢ 1 um
Meander length, L 150 pm
Meander width, W_ 10 um
Gap between the membrane and the actuation electrode, g, 2 um
Gap between the membrane and the signal line, g ~g, — H , —1, 1.3 um
TiO, layer thickness, 7, 100 nm
Floating-electrode thickness, H, 0.6 um
Perforation-window size, W <L 6 x 6 um
3
K _ EWmeandt . (2)
meand L3 N H
‘meand
EW, t
_ beam
Kbeam - L3— (3)
‘beam

Here, E is the Young’s modulus of the membrane material, ¢ is the membrane thickness, W .
and L are the width and length of the meander, W, and L,  are the width and length of the
connecting beam, N is the number of horizontal meander segments.

For the considered asymmetric gap configuration, in which the membrane—actuation-electrode
gap differs from the membrane—signal-line gap, the pull-in voltage was calculated as [15, 17]:

Vo= 8Kfullg§ (go _gs) )
v 27g,A ’
0“eff

where g is the gap between the membrane and the actuation electrode, g is the gap between the
membrane and the signal line, Ae /,fis the effective overlap area, and €, is the electric constant.
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The mechanical natural frequency was estimated using the following relation [7, 15, 17]:

1 K
meand ( 5)

f;) =E Mmem ’

where M is the membrane mass. The closing and release times were evaluated using [7, 15, 19]

3.67V
T = £ (6)
Vo,
T :L:L, (7)
20, 4f,

where VS is the control voltage and ®, = 27th.
The up-state capacitance of the switch was determined with allowance for the fringing capacitance
[15, 16]:

g, 4
= C,, €, =0.35C), (8)
gs + td /Sr A
where Acon is the interaction area between the membrane and the lower electrode, ¢ 4 is the dielectric
thickness, and €_is the relative permittivity of TiO,. The down-state capacitance was represented by
two parallel contributions: the MDM capacitance of the floating-electrode/TiO,/signal-line stack and

the membrane-to-actuation-electrode capacitance [15—17]:

— 8OSF‘Ama'm + 280Acon (9)

1 g -8

down —

where Amdm is the floating-electrode area.
To account for the decrease in the effective membrane area after perforation, the perforation co-
efficient was introduced as

A
_ erf _
K, = ; , Aeff_A(l—errf), (10)

where Ape,_ ; is the total area of the perforation windows, A4 is the initial membrane area, and Aeﬁ’ is the
effective area after perforation.

For a preliminary analytical estimate of the radio-frequency characteristics, a simplified lumped
model of the shunt switch was used [5, 20, 21]. The characteristic electrical resonant frequency of the
equivalent down-state circuit was determined as

1
oo =T F—=——> 11
‘ 27[ LCdown ( )

where L is the equivalent inductance of the signal line and C Jown 1S the down-state capacitance of the
switch. The corresponding angular electrical resonant frequency is
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=
I

(’Oc,down = 2nj;:,down N ( 12)

Unlike the mechanical natural frequency of the membrane, which determines the switching dy-
namics, fc characterizes the electrical response of the equivalent radio-frequency circuit.

For the down state, the estimated values of the S21 parameter, i.e., the isolation, were then calcu-
lated as

2 |
CopnZ.

down

Sgovn = —2010g|2 e

; (13)

c,down 0

where Z0 = 50 Q is the characteristic impedance of the transmission line.

These relations were used for an approximate analytical evaluation of the C Jown effect on the ra-
dio-frequency response of the switch in the down state at the S-band boundaries. The complete fre-
quency dependences of S21 and S11 (the reflection coefficient) in the range of 2—4 GHz were obtained
from electromagnetic simulation in ANSYS HFSS.

Numerical modeling

Numerical analysis was performed in several stages using COMSOL Multiphysics, ANSYS HFSS,
and MATLAB Simulink. At the first stage, a simplified model of a rectangular membrane without
meanders or perforation was constructed in COMSOL to determine the natural frequencies and mode
shapes. At the second stage, meander suspensions were introduced into the model, which made it pos-
sible to investigate the effect of reduced equivalent stiffness on membrane deflection, pull-in voltage,
and dynamic characteristics. At the third stage, the final design with perforation and a floating elec-
trode was considered; for this design, the static pull-in voltage, time-dependent deflection, and the
capacitances in the up and down states were determined. This step-by-step approach made it possible
to trace the contribution of each structural element to the final device characteristics.

In the COMSOL electromechanical model, a coupled formulation combining electrostatics and
solid mechanics was used. The air gap between the membrane and the lower electrodes was 2 um;
under the membrane, a TiO, layer with a thickness of 100 nm was modeled. A control voltage increa-
sing to 5 V was applied to the lower electrodes. The pull-in voltage was determined from the abrupt
nonlinear increase in the membrane deflection, whereas the switching time was defined as the time
required for the membrane to reach the contact position with the floating electrode. To calculate
the capacitance in the down state, a separate configuration with the established contact between the
membrane and the floating electrode was used. This reduced the numerical error associated with
mesh deformation at the moment of contact. In parallel, a parameterized computational scheme was
developed in MATLAB Simulink. This scheme reproduced analytical relations for stiffness, mass,
pull-in voltage, switching time, and capacitance and was used for comparison with the results of finite
element modeling (FEM).

Electromagnetic simulation was performed in ANSYS HFSS using a three-dimensional model of
the CPW with the integrated switch. Wave ports were assigned with a characteristic impedance of Z0 =
= 50 . The metal elements in the model were treated as perfect conductors, and the outer bound-
aries of the air volume were specified as radiating boundaries, which made it possible to minimize
artificial reflections of the electromagnetic field from the boundaries of the computational domain.
The S-parameters were calculated in two states: with the membrane in the up position and with the
membrane pulled down to the floating electrode. The investigated frequency range was 2—4 GHz.
The values obtained in HFSS were used to determine isolation, insertion loss, return loss and were
then compared both with the analytical model, as well as with published data for shunt CPW MEMS
switches of similar architecture [20—23].
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Results and discussion

At the first stage of the numerical study, a simplified model of a rectangular membrane without
meanders or perforation was considered. This model was used to estimate the natural frequencies of
vibration and the limiting level of pull-in voltage for a high-stiffness movable element. The analysis
showed that the first natural frequency of this membrane was 79.6 kHz, whereas the calculated pull-in
voltage reached 64.8 V. This result indicates that a simple beam structure without additional elastic
elements is unsuitable for low-voltage actuation and requires a reduction in the equivalent stiffness
of the movable system. This conclusion is consistent with the general understanding of the influence
of elastic-element geometry on the electromechanical characteristics of RF MEMS switches [15, 17, 18].

At the second stage, meander suspensions were introduced into the design, which substantially re-
duced the pull-in voltage. For the intermediate model without a floating electrode but with meanders,
the pull-in voltage was approximately 2.1 V, the down-state capacitance was 6.26 pF, the up-state
capacitance was 46.9 fF, and the switching time was about 23 ps. Therefore, it was confirmed that
reducing the stiffness effectively decreases the required control voltage; however, this approach alone
does not provide a high capacitance ratio, which is necessary for a substantial isolation increase in
the S-band [16—18]. Consequently, an additional design solution was required to increase the shunt
capacitance in the down state and improve the radio-frequency characteristics.

The final model included a perforated membrane and a floating electrode. The calculated depend-
ence of membrane deflection on the control voltage is shown in Fig. 2. This dependence demonstrates
that at a voltage of approximately 2.7 V, the deflection increases sharply, which corresponds to the
loss of stability and the transition of the membrane into the pulled-down state. This result agrees well
with the analytical estimate of the pull-in voltage according to equation (4). The small discrepancy
between the analytical calculation and the simulation results is caused by the fact that the stiffness of
the perforated membrane and the distribution of the electrostatic field are taken into account only ap-
proximately in the analytical model, whereas in COMSOL they are described more accurately. Such
discrepancies are typical for electrostatically actuated MEMS structures [5, 15].

The time dependence of membrane deflection for the final model is shown in Fig. 3. The obtained
dependence indicates that at a control voltage of 5V, the closing time is approximately 18 ps. Com-
pared with the intermediate model, the decrease in switching time is primarily associated with the
reduction in membrane mass due to perforation. Thus, in the investigated design, perforation has a
dual but generally favorable effect: on one hand, it slightly increases the pull-in voltage because of the
reduced effective area of electrostatic interaction; on the other hand, it decreases the membrane mass
and accelerates the transient process. Therefore, the perforation parameters should be selected as a
compromise between mechanical compliance, technological feasibility, and dynamic characteristics.

A comparison between the analytical calculation and the finite element modeling results for the
final design is given in Table 2. The differences in the key parameters are small: the pull-in voltage
differs by 0.15 V, the down-state capacitance differs by 7 pF, and the switching time differs by less
than 1 ps. This confirms that the analytical model is suitable for the preliminary selection of design
parameters. At the same time, the final quantitative assessment of the switch characteristics should be
based on numerical modeling.

The capacitance ratio is one of the key parameters of a shunt capacitive RF MEMS switch because
it determines the difference between the radio-frequency properties of the two operating states. A
small value of Cup provides weak shunting of the signal line in the up state and thus contributes to
low insertion loss, whereas a large value of C Jown in the down state leads to efficient signal shunting
to ground and enhanced isolation. Therefore, increasing the C down! Cup ratio is directly associated with
a stronger radio-frequency contrast between the two states of the switch.

For the investigated design, this ratio is approximately C down C = 2.57 x 104, which substantially

up
exceeds the values typical of conventional capacitive RF MEMS switches [6, 7, 16, 23]. This result
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Fig. 3. Time dependence of membrane deflection during RF MEMS switch closing at a control voltage of 5V

Table 2

Comparison between analytical calculation and finite element modeling results for the final design

Parameter

Analytical calculation FEM
Pull-in voltage (V) 2.55 2.70
Down-state capacitance, C, (pF) 240 247
Up-state capacitance, Cup (fF) 7.2 9.6
Closing time (us) 18.6 18

is due to the introduction of the floating electrode and the use of a high-k dielectric, which provide
a sharp increase in the down state shunt capacitance while maintaining a low capacitance in the up
state. Thus, in the proposed architecture, the floating electrode plays a decisive role in forming the
high-isolation properties of the device.

The complete frequency dependences of S21 and S ,; in the down and up states, obtained from
electromagnetic simulation in ANSYS HFSS, are shown in Fig. 4. In the down state, which corre-
sponds to the pulled-down membrane, the switch demonstrates high isolation over the entire S-band.
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At 2 GHz, the transmission coefficient SZ] is —43.3 dB; at 2.8 GHz, a deep minimum of —89.75 dB
is reached; and at 4 GHz, 521 is —42.8 dB. The pronounced minimum near 2.8 GHz can be inter-
preted as a manifestation of resonant interaction between the equivalent shunt capacitance and the
inductive properties of the transmission line [14, 20]. In the up state, the switch is characterized by
low insertion loss: —0.012 dB at 2 GHz, —0.14 dB at 2.8 GHz, and —0.015 dB at 4 GHz. The reflec-
tion coefficient S11 in the up state is —51.85, —50.94, and —49.47 dB at 2, 2.8, and 4 GHz, respectively.
The S-parameter values of the developed model at representative points of the frequency range are

summarized in Table 3.

S-parameters of the RF MEMS switch in the 2—4 GHz range

Table 3

Frequency (GHz) Switch state S,, (dB) S, (dB)
2.0 down —43.3 -
2.8 down —89.75 -
4.0 down —42.8 -
2.0 up —0.012 —51.85
2.8 up —0.14 —50.94
4.0 up —0.015 —49.47
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The obtained results show that the proposed design combines low pull-in voltage values with high
radio-frequency performance. From an engineering point of view, this is particularly important be-
cause, in conventional shunt switches, improved isolation is often achieved by reducing the gap to
the submicron level, which complicates the fabrication process and reduces the reproducibility of the
device characteristics. In the present case, a high isolation level is achieved at a gap of 2 um, that is,
under substantially less stringent technological requirements. This provides grounds for considering
the proposed architecture to be more robust against parameter variations arising during fabrication.

Conclusion

In this work, an architecture of an electrostatically actuated capacitive shunt RF MEMS switch
for S-band operation has been proposed. The distinctive feature of the switch is the use of a floating
electrode separated from the signal line by a high k TiO, dielectric layer. It has been shown that the
combination of a floating electrode, meander suspensions, and a perforated aluminum membrane
makes it possible to reduce the pull-in voltage and substantially increase the shunt capacitance in the
down state.

Analytical calculation and numerical modeling established that the final design has a pull-in volt-
age of 2.7 V, a closing time of 18 ps, a down-state capacitance Cdown of 247 pF, and an up-state
capacitance Cup of 9.6 fE. The comparison between the analytical model and the finite element mod-
eling results showed good agreement for the main electromechanical parameters, confirming the va-
lidity of the selected approach to preliminary design calculation.

Electromagnetic simulation in ANSYS HFSS showed that in the frequency range of 2—4 GHz, the
proposed switch provides insertion loss from —0.012 to —0.14 dB and isolation from —43.3 to —89.75 dB.
The highest level of signal suppression is achieved near 2.8 GHz, which is associated with the reso-
nant interaction between the equivalent shunt capacitance and the transmission-line parameters. The
obtained results indicate that introducing a floating electrode is an effective way to improve isolation
without reducing the interelectrode gaps to extremely small values.

Thus, the study confirms that the use of a floating electrode in a capacitive shunt RF MEMS switch
is an effective design solution for achieving low-voltage actuation, a high capacitance ratio, and high
isolation in the S-band. The developed design can be used in transceiver modules, reconfigurable fil-
ters, and other radio-frequency devices for which low power consumption, low signal loss, and high
isolation are critical.
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