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Abstract—This paper presents the design, fabrication, and mea-
surement results for a novel non-contact-type radio-frequency
(RF) microelectromechanical systems switch for 24-GHz radar
applications. The proposed switches are free from unavoidable
microwelding and stiction problems in other contact types, which
in turn guarantee high reliability and long lifetime. The devel-
oped switch is a capacitive shunt type using a variation of the
capacitance between the signal line and ground lines. The ca-
pacitance is precisely regulated by comb-drive actuators. This
concept is simple, but the design requires a large and precise
mechanical motion. In addition, for a low-loss switch structure, an
air bridge with a large air gap is required. Therefore, the selec-
tive silicon-on-insulator process, based on the sacrificial bulk
micromachining process, is designed for this switch fabrication.
First, large insulating supports are fabricated 60 μm below the
wafer surface, and then, the RF switch is fabricated on these
insulating supports. The measured actuation voltage is 25 V, and
the actuation stroke is 25 μm. The switching times are 8 ms in the
OFF to the ON state and 200 μs in the ON to the OFF state. In the RF
characteristic measurements, the insertion loss without the long
coplanar waveguide line loss is 0.29 dB and the isolation is 30.1 dB
at 24 GHz. The bandwidth is relatively narrow, and the isolation is
25 dB or better in the range of 23.5–29 GHz. The reliability test for
the switch was performed 109 times with 18-mW RF power. We
observed no mechanical failure or RF performance degradation.
A power handling capacity of 0.9 W with a hot-switch condition
was achieved. [2007-0183]

Index Terms—Non-contact-type, radio-frequency (RF) micro-
electromechanical systems (MEMS) switch, sacrificial bulk mi-
cromachining (SBM) process, selective silicon-on-insulator (SSOI)
process, variable capacitors.

I. INTRODUCTION

S INCE THE early 1980s, technological advances in the
microelectromechanical systems (MEMS) field have been

truly impressive, and they have been used in inertial measure-
ment applications, bio applications, radio-frequency (RF) appli-
cations, and optical communication applications. In particular,
RF MEMS switches are one of the essential components in
wireless communication systems and radar systems [1], [2].
Traditional RF signal switching has been realized using p-type
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TABLE I
TYPICAL RELIABILITY PROBLEMS OF THE CONTACT-TYPE SWITCHES

intrinsic n-type diode and GaAs metal–semiconductor field-
effect-transistor- or junction-field-effect-transistor-based semi-
conductor switches. However, these semiconductor switches
have poor performance compared with RF MEMS switches.
The advantages of MEMS switches over the semiconductor
switches are their low insertion loss, high OFF-state isolation,
and low power consumption. On the other hand, the reliability
issues of MEMS switch are the major concerns for long-term
applications and commercialization [2]–[4].

After the first demonstration of micromachined membrane
switch in 1979, many contact-type RF MEMS switches have
been developed using various actuation designs, including
electrostatic, electromagnetic, electrostatic–electromagnetic,
electric–thermal, and piezoelectric actuators [5]–[14]. Such
switches, from a switch contact perspective, are categorized
into metal contacting and capacitive coupling switches. The
metal contact switch uses a metal direct contact to achieve an
ohmic contact between two metal electrodes. The capacitive
coupling switch has a thin dielectric film and an air gap between
the two metallic contact surfaces. The air gap is electromechan-
ically adjusted to achieve a capacitance change between the up
and down states. However, the reliability of these switches is
limited by microwelding and stiction problems in the contact
areas. In the metal contacting switch, the direct contact between
the two metal layers causes increasing contact resistance and
a microwelding problem after repeated actuations. In addition,
the stiction between the dielectric layer and the metal, due to
the large contact area of the switch, dominates the reliability
of the capacitive coupling switch. The major stiction force is
due to the charge injection and charge trapping in the dielectric
layers. It can cause the switch to either stick in the down-state
position or result in an increase in the pull-down voltage [2]–
[4], [15]. Typical reliability problems of a contact-type switch
are summarized in Table I.

In order to solve these problems, we have proposed a non-
contact-type RF MEMS switch. In the present configuration,
the microwelding and stiction problems in the contact switches

1057-7157/$25.00 © 2009 IEEE

Authorized licensed use limited to: Seoul National University. Downloaded on February 12, 2009 at 02:06 from IEEE Xplore.  Restrictions apply.



164 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 18, NO. 1, FEBRUARY 2009

Fig. 1. Schematic diagram of the proposed non-contact-type RF MEMS
switch.

are totally prohibited. This prohibition is because the proposed
switch is built with variable capacitor structures containing
small air gaps instead of a direct or indirect contact pad. The
isolated silicon stopper is designed to maintain these small gaps
between combs of variable capacitor structures. The mechani-
cal structures of the proposed switch are made of single crystal
silicon (SCS). Therefore, these structures demonstrate excellent
mechanical performance, high strength, no warping, and no
predeformation [16].

This paper describes a non-contact-type RF MEMS switch
for 24-GHz radar applications. The proposed switch is designed
for use in short-range millimeter-wave radar technology that
has already been implemented for various functions on auto-
mobiles such as being a component of the Intelligent Trans-
portation System. The lumped circuit model simulations and
full-wave simulations are employed to design the transmission
line and the switch structure. The switch is fabricated using
the selective silicon-on-insulator (SSOI) technology [17]. In
this technology, horizontal dielectric layers are implanted at
arbitrary depths in any desired region of a wafer, using the
sacrificial bulk micromachining (SBM) process [18]–[20]. The
tests are performed in 24-GHz signal switching and 109 cycle
reliability test results with RF power. In addition, hot-switching
mode power handling capacity and linearity of the fabricated
switch are measured.

II. DESIGN OF NON-CONTACT-TYPE SWITCH

The proposed switch is a capacitive shunt type operated by
the change of capacitance between the signal line and ground
lines. As shown in Fig. 1, the switch consists of a coplanar
waveguide (CPW) line and variable capacitors. A couple of

Fig. 2. ON/OFF mechanism of the proposed switch. (a) ON-state signal flow
(variable capacitors are not actuated). (b) OFF-state signal flow (variable
capacitors are actuated).

comb-drive actuators are linked with variable capacitors for
precision actuation of the capacitor structures.

The switching mechanism of the proposed switch is shown in
Fig. 2. In the ON state, the variable capacitors are not actuated
and the input signal passes through the CPW line, as shown
in Fig. 2(a). In the OFF state, the capacitance of the actuated
capacitors is changed and it prevents the signal from reaching
the output port, as shown in Fig. 2(b). It is to be noted that
there are small air gaps between the capacitors even in the
OFF state. Therefore, the capacitors do not touch each other.
Thus, the proposed switch is free from the stiction and micro-
welding problems of a contact-type switch. In order to have
a sufficient capacitance of several hundred femtofarads in the
OFF state, the comb structures are used in the variable capacitors
and CPW line.

A. Transmission Line Design

The transmission line is formed from three parallel-plate
wave guides running parallel to one another. This can be re-
alized by forming 4-μm-thick evaporated copper on a released
high-resistivity silicon (HRS) bridge with a large air gap. The
schematic diagram of the transmission line is shown in Fig. 1. A
50-Ω transmission line impedance can be obtained by adjusting
the width of the CPW signal line S, the gap width between
the signal line and ground line G, and the width of the ground
line W . A commercial simulation software application (Ansoft
High Frequency Structure Simulator (HFSS) program) has been
used for this paper. In addition, the dimensions of S, G, and W
in this simulation are 166, 17, and 350 μm, respectively.
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Fig. 3. Lumped circuit model of the proposed switch. (a) Inductors and
capacitors of the variable capacitor structures. (b) Equivalent circuit model of
the variable capacitor structures.

B. Variable Capacitor Design

The combs and bar structures of the variable capacitors are
modeled with inductors and capacitors, as shown in Fig. 3(a).
There are three types of inductors, namely, L1, L2, and L3

and two types of capacitors, namely, C1 and C2. Since the
structure of the switch has vertical and horizontal symmetry,
there are counterparts for the labeled inductors and capacitors.
The simple equivalent circuit model of the switch is shown
in Fig. 3(b). The equivalent circuit model contains all of the
overlapping counterparts. The equivalent inductance Leq and
the equivalent capacitance Ceq can be written as

Leq =
1
2
L2 +

1
4
L3 (1)

Ceq =
4C1 · C2

C1 + 2C2
. (2)

There should be a short circuit between the signal line and
ground lines to obtain a high isolation in the OFF state. In
addition, to obtain a low insertion loss in the ON state, the
impedance, shown at port 1, should be 50 Ω when port 2
is terminated in a matched load (Z0 = 50 Ω). Therefore, the
impedance of the switch is expressed as

Zc_off = jωLeq_off +
1

jωCeq_off
= 0 (3)

Zin_on = jωL1_on

+
1

1(
jωLeq_on+ 1

jωCeq_on

) + 1
(jωL1_on+Z0)

= Z0

(4)

where the OFF-state impedance Zc_off contains an OFF-state
capacitance Ceq_off and the OFF-state inductance Leq_off . The

TABLE II
INDUCTANCE AND CAPACITANCE COMBINATION FOR 24-GHz SWITCH

ON-state impedance Zin_on is shown at port 1. This impedance
consists of ON-state inductances, namely, L1_on and Leq_on,
the ON-state capacitance Ceq_on, and the impedance of the
matched load Z0. There are several combinations of induc-
tances and capacitances that satisfy (3) and (4) at 24 GHz.
One of the combinations of inductances and capacitances is
presented in Table II. These values are determined using the
Agilent Advanced Design System program.

The physical dimensions of the inductors and capacitors are
determined by a full-wave simulation using the HFSS program.
The 3-D model for the full-wave simulation and the detailed
dimensions of the variable capacitors are shown in Fig. 4. The
actuation distance is designed to be 25 μm. The inductors and
capacitors are built up of 4-μm-thick evaporated copper on
released HRS structures. The inductor L1 has a width of 40 μm,
a thickness of 4 μm, and a length of approximately 360 μm.
The inductor L2 has the same cross-sectional area but different
lengths of approximately 375 μm in the OFF state and 400 μm
in the ON state. It is more difficult to find the dimensions of
the inductor L3 than the other inductors because it is in the
same space as C2. Therefore, the dimensions of C2 are adjusted
and the inductance of L3, approximately 0.19 nH, is calculated
from the resonant frequency of C2 and L3 [21]. While the
capacitance of C2 is larger than that of C1, the variation in
the capacitance C2 is smaller than that of C1. The width and
the pitch of the comb fingers of C1 are 2 and 7 μm, respectively,
and the width and the pitch of the comb fingers of C2 are 2 and
10 μm, respectively. Since the 4-μm-thick copper evaporates on
the top surface of the etched silicon structure that is normally
in the ON state, the space of the nearest comb fingers of C2 is
designed to be larger than 2 μm to prevent contact between the
capacitors.

The lumped circuit model simulation and full-wave simula-
tion results of the designed switch are shown in Fig. 5. In the
ON-state simulation results, the insertion loss values are 0.1 dB
in the circuit model simulation and 0.27 dB in the full-wave
simulation. The isolation values of the circuit model simulation
results and the full-wave simulation results are 49 and 47 dB,
respectively, at 24 GHz, as shown in Fig. 5. The full-wave
simulation properties, near 24 GHz, are similar to the calculated
data of the lumped circuit model. The insertion loss is larger
than the calculated result because the lumped circuit model
does not consider the resistance.
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Fig. 4. Three-dimensional model and the determined dimensions of variable
capacitor structures for the full-wave simulation. (a) Full-wave simulation
model of the switch, and detailed dimensions of (b) area A in the ON state,
(c) area B in the ON state, (d) area A in the OFF state, and (e) area B in the
OFF state.

Fig. 5. Lumped circuit model simulation and full-wave simulation results of
the designed switch.

C. Actuator Design

In this paper, we use the comb-drive actuator with folded
springs for precision control of the switch displacement. The

Fig. 6. Schematic diagram of the mechanical spring.

TABLE III
DETAILED DIMENSIONS OF THE COMB-DRIVE ACTUATOR

variable capacitor is extended from the mass of the actuator.
The relationship between the driving voltage and the displace-
ment in the comb-drive actuator can be expressed as [22]

Fk = kd =
2Etw3

L3
d (5)

Fe =
εtNV 2

g
(6)

Fk =Fe → V =

√
2Ew3d

L3

g

εN
(7)

where Fk is a restoring force, k is the mechanical spring con-
stant, E = 168.9 GP is the Young’s modulus, t is the spring
and structure thickness, w is the spring width, L is the spring
length, d is the stroke of the actuator, Fe is an electrostatic force,
ε = 8.854 × 10−12 F/m is the permittivity, N is the number
of combs, V is the switch control voltage, and g is the gap
between moving combs and stationary combs. The schematic
diagram of the mechanical spring is shown in Fig. 6. The target
actuation stroke is 25 μm as described in the variable capacitor
design section. The spring length, the spring width, the structure
thickness, and the gap between the combs are 650, 5, 40, and
2.1 μm, respectively, due to the fabrication issues. The control
voltage is set below 30 V, because the RF measurement system
cannot withstand high voltage. The detailed dimensions of the
comb-drive actuator, considering design factor and constraint,
are summarized in Table III. In this case, the total mass of the
designed switch structure is 45.432 μg, and the total spring
constant of mechanical springs is 6.150 N/m. The mechanical
resonant frequency of the designed switch is 1.851 kHz.
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Fig. 7. Modal analysis of the proposed switch structure. (a) FEM model of
the proposed switch structure, (b) rectilinear motion of the switch at the prime
mode, and (c) tilting motion of the switch at the second mode.

In order to analyze the actuation motion of the designed
switch structure, finite element method (FEM) modeling on the
switch structure is performed using ANSYS v10.0. Quadrilat-
eral elements have been used for area meshing. The simulation
model and the simulation results are shown in Fig. 7. The prime
mode represents the expected rectilinear motion at 1.903 kHz,

as shown in Fig. 7(b). The second mode appears at 10.378 kHz
with a tilting motion, and it is separated by five times the prime
mode frequency. This large difference between the prime mode
and the second mode guarantees a stable mechanical actuation
mode without interference phenomenon.

III. FABRICATION PROCESS

The proposed switch design requires a large and precise
mechanical motion and an air bridge with a large air gap for
the low-loss CPW line. However, this is extremely difficult
for conventional polysilicon or SCS processes, including the
silicon-on-insulator (SOI) technology, because the air gap of
the low-loss CPW line is limited to several micrometers and
the inevitable residual stress and the footing phenomenon can
cause a structural fracture and degradation in the SOI process
[17], [23]. Mechanical stress is induced by the disparity of the
silicon and silicon dioxide thermal expansion coefficient. The
silicon structure, fabricated by the SOI process, has a 35-MPa
tensile stress [17]. This large stress, in turn, causes the released
large structures to break and bend or twist. In addition, the deep
silicon reactive ion etching (RIE) on the SOI wafer leads to
the well-known footing phenomenon [23]–[26]. Several com-
panies developed the SOI kit to solve the aforementioned prob-
lems. One such company, Surface Technology Systems Limited
(STS, UK), provides advanced silicon etching technology.1

However, there is a significant difference of the trench opening
size between the mechanical spring and the comb-drive actuator
part in a large displacement actuator. In this case, it is difficult
to remove completely the footing phenomenon. To demonstrate
the mentioned problems using a conventional SOI process, the
designed switch is fabricated on a SOI wafer. The SOI process
is composed of single photolithography, deep silicon RIE, and
hydrofluoric release processes [27]. In this fabrication, the SOI
kit is not used and the switch structure is fabricated on a
450-μm (100) SOI wafer. The device layer thickness of the
SOI wafer is 50 μm, and the oxide layer thickness is 2 μm.
The scanning electron microscope (SEM) photographs of the
fabricated switch structure are shown in Fig. 8. The spring
part of the switch structure is broken by a residual stress, as
shown in Fig. 8(a). In this switch design, the residual stress
of the SOI wafer has enormous influence on the large released
structure, which is used for large displacement. In Fig. 8(b), the
footing phenomenon is observed in the spring part, which has a
relatively large etch area. In the end, these problems degrade the
performance of the switch and the process yield of the switch
fabrication. The large air gap for the low-loss CPW line can
be fabricated using the SOI wafer with preprocessed handle
layer, which is similar to the silicon-on-glass process [28], [29].
However, the disadvantage of this method is the difficult wafer
preparation, which requires the handle wafer etch process and
the precision wafer bonding process.

The SSOI process, based on the SBM process, is used
for solving the problems of conventional polysilicon or SCS
processes [16]–[19]. The SSOI process is comprised of two
times the SBM process and a gap filling process. This process

1[Online]. Available: http://www.stsystems.com/.
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Fig. 8. Fabrication results of the switch structure using the SOI process.
This was done to show the inherent problems of the SOI process. That is, the
footing-induced problems and residual stress-induced problems are inevitable.
(a) SEM photograph of the mechanical spring part broken by the residual stress.
(b) SEM photograph showing the footing phenomenon of the bottom surface of
the spring part.

is suitable for electrically isolating the released high-aspect-
ratio SCS MEMS structures with almost no residual stress,
no footing phenomenon, and a large sacrificial gap. The fab-
rication process is shown in Fig. 9. The fabrication process
starts with p-type float zone 〈111〉 HRS (103−105 Ω · cm).
First, a plasma-enhanced chemical vapor deposition tetraeth-
ylorthosilicate (TEOS) oxide layer is deposited as a hard mask
for deep silicon RIE and then subsequently patterned. Then,
photolithography is performed to define the trench pattern of
the electrode to be released. Next, a deep silicon RIE process
is used to define the depth of the isolation layer, as shown in
Fig. 9(a). Then, for protecting the structure sidewalls in alkaline
etching, low-stress nitride is deposited, as shown in Fig. 9(b).
The sidewall passivation films are then anisotropically etched
using RIE to expose bare silicon at the bottom of the etched
trenches. Then, the silicon wafer is vertically etched again to
define the sacrificial gap for the electrode area, as shown in
Fig. 9(c). After this etching, the wafer is dipped into an aqueous
alkaline solution to release the electrode areas, as shown in
Fig. 9(d). After the silicon wet etching process, the mask and
passivation films are removed. Up to this step, the first SBM
process is completed for the isolated anchor release. Then,

Fig. 9. Process flow of the non-contact-type switch. (a) Trench patterning
and silicon deep RIE, (b) sidewall passivation, (c) silicon RIE, (d) release of
anchor part in alkaline etchant, (e) etch mask removal, (f) gap refilling, (g) top
insulation layer etch, (h) second SBM process, and (i) etch mask removal and
metal deposited.

the gap is filled with 3000 Å of thermal oxide, 2000 Å of
low-stress nitride, and 4 μm of low-pressure chemical vapor
deposition polysilicon films. The oxide and nitride films work
as an insulation between the electrode and the substrate and
as a protective layer for polysilicon films during the wet etch
of the second SBM process. Then, the polysilicon/nitride/oxide
films on the top surface are removed and the desired devices are
fabricated using the second SBM process, as shown in Fig. 9(g)
and (h). Finally, the etch masks are removed and the metal layer
is deposited, as shown in Fig. 9(i). In the metal deposition step,
a 4-μm-thick copper is evaporated in the variable capacitors
and CPW line for the RF signal flow. Thin copper is evap-
orated in the comb-drive actuator areas. The metal thickness
difference is due to preventing the electrical short problem
between the moving and stationary combs of the comb-drive
actuators.

The SEM photographs of the fabricated switch are shown in
Fig. 10. As shown in Fig. 10(a), for this relatively large size
of 4 mm × 5 mm, there is no noticeable structure bending or
twisting. The magnified view of the variable capacitor structure
and CPW line with the signal flow indication is shown in
Fig. 10(b). The comb-drive actuator and the isolated silicon
stopper structure are shown in Fig. 10(c). The isolated silicon
stopper structure is utilized for preventing the contact that may
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Fig. 10. SEM photographs of the fabricated switch. (a) Complete view of the
fabricated switch, (b) the magnified view of the variable capacitor structures,
and (c) the magnified view of the comb-drive actuator and isolated silicon
stopper structure.

occur in the variable capacitor structure. Although there can
still be tiny contact between the auxiliary part of the switch
structure and the isolated stopper, the stiction problem is not
generated because of the high mechanical strength of the silicon
structure [16], [30]. This small silicon stopper has been used in
several MEMS devices [31], [32]. The length of the CPW line
is 1.5 mm. The thickness of the structure is 35 μm, and the
sacrificial gap of the moving structure and the air gap of the

Fig. 11. Measurement setup for the switching time.

silicon bridge are 30 μm. The minimum gap of the comb drive
is 2.1 μm.

IV. MEASUREMENT RESULTS

A. Mechanical Characteristics

In the direct-current (dc) driving mode, the actuation stroke
of the fabricated switch was 25 μm at a 25-V driving voltage.
The frequency response of the fabricated switch was measured
using the Agilent 35670A spectrum analyzer. The measured
mechanical resonant frequency of the fabricated switch was
1.501 kHz which was lower than the simulation results. The
two major reasons for the difference were the changes of the
spring width and the structure thickness. In the simulation,
the spring width was 5 μm and the structure thickness was
40 μm. However, in the fabrication results, the spring width
was changed to 4.4 μm due to the undercut of the deep silicon
RIE step. In addition, in consequence of the fabrication process
error, the structure thickness was changed to 35 μm.

The switching time was measured using a measurement setup
as shown in Fig. 11. As a switch actuation signal, a square wave,
with a frequency of 50 Hz and a voltage magnitude of 28 V,
was supplied by the Agilent 33120A function generator and
the TREK model 603 power amplifier. An RF input signal of
24-GHz continuous RF power from millimeter-wave mono-
lithic integrated circuit (MMIC) chip power amplifier was
applied to the fabricated switch. The MMIC power amplifier
was made using SiGe heterojunction bipolar transistor (HBT),
and the emitter sizes of SiGe HBT were 320 and 160 μm2.
The gain of the MMIC power amplifier was 12 dB at 24 GHz.
The maximum output power of the MMIC power amplifier was
21 dBm at 24 GHz. The power of the input signal was 18 mW,
and that was the maximum power available in this measure-
ment setup. The modulated RF envelope that resulted from the
switch actuation and actuation signal was measured by Agilent
54624A oscilloscope.

The measurement results of the switching time are shown in
Fig. 12. The measured envelope of the RF output signal is the
upper trace that is modulated by the actuation signal as shown
in the lower trace. The measured switching times are 300 μs
for the transition from the OFF to the ON state and 200 μs for
the transition from the ON to the OFF state. In the ON state,
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Fig. 12. Measurement results of the switching time.

8 ms is the time taken for the oscillating motion of the actuator
to vanish.

The reliability of the fabricated switch was tested in an
ambient atmosphere. The measurement setup for the reliability
test was the same as that of the switching time measurement.
The switch could be operated at a maximum control signal
frequency of 2 kHz. Therefore, as a switch actuation signal, a
square wave with a frequency of 2 kHz and a voltage magnitude
of 28 V was applied. The RF input power was 18 mW, as used
in the switching time measurement. Even after 109 continuous
cycles of mechanical actuation, mechanical failures, including
the stiction problem and deformation of the structure, were
not detected. In addition, no RF performance degradation was
observed.

B. RF Characteristics

The RF characteristics of the fabricated non-contact-type
switch were measured using an HP 8510 XF vector network
analyzer with tungsten-tip 250-μm-pitch ground-signal-ground
coplanar probes (GGB Industries Inc. Picoprobe). The sys-
tem was calibrated using a standard short-open-load-through
calibration technique. The calibration substrate was GGB
Industries INC. CS-5 calibration substrate.2 External electrical
control signals were applied on the fabricated switch for ac-
tuation. The s-parameters of the input and output ports were
extracted using a network analyzer. The insertion loss and
isolation of the switch were characterized by S21 through the
input and output ports in the ON and OFF states of the switch.

The RF characteristic measurement results for the fabricated
switch are shown in Fig. 13. To compare simulation results and
measurement results, the full-wave simulation results are drawn
in the same graph. In the ON state, the insertion loss is 1.43 dB
at 24 GHz. However, this result includes the signal loss of the
long CPW lines. The insertion loss, the signal loss only in
the variable capacitor structure, is 0.29 dB. To determine
the signal loss in the CPW line, the CPW line without variable
capacitor structures was fabricated in the first place. Then,
the signal loss in the CPW line was measured. The length
of the CPW line, which has been used for the signal loss
measurement, is equal to the length of the CPW line in the
switch structure. In the OFF state, the peak is not exactly at
24 GHz, but the isolation is 30.1 dB as shown in Fig. 13(b).

2[Online]. Available: http://www.picoprobe.com/.

Fig. 13. Measured RF characteristics of the fabricated non-contact-type
switch. (a) Measured insertion loss in the ON state and (b) measured isolation
in the OFF state.

Fig. 14. Comparison of simulation results of the designed switch and mea-
surement results of the fabricated switch.

The maximum isolation value is 50.5 dB at 25 GHz. From 23.5
to 29 GHz, the isolation is better than 25 dB.

The full-wave simulation results and measurement results
were compared as shown in Fig. 14. The output characteristics
of the fabricated switch matched similarly with the full-wave
simulation results. However, the peak of isolation was not
exactly at 24 GHz in the OFF-state measurement results, and the
measured insertion loss was larger than the simulation results.
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Fig. 15. Measurement results of the insertion loss and isolation with in-
put power. (a) Measured insertion loss with input power at 24 GHz and
(b) measured isolation with input power at 24 GHz.

The discrepancy between the measurement results and simula-
tion results was caused by the fabrication process uncertainties
in the photolithography and deep silicon RIE steps. In addition,
an unwanted peak was measured in the ON- and OFF-state
measurement results because the discontinuity in the full-wave
simulation was not considered.

The power handling capacity and linearity of the fabricated
switch is measured in hot-switching mode. Hot-switching mode
power handling capacity and linearity properties were measured
simultaneously, and the limit of the input RF power level was
0.9 W in our experimental setup. The ON-state measurement
was performed by applying input RF power and calculating
the insertion loss from the measured output RF power. The
measured insertion loss did not contain the CPW line loss.
The OFF-state measurement was performed by actuating the
switch with a dc voltage of 28 V without reducing the input
RF power. Then, the isolation was calculated from the corre-
sponding measured output power. The measurement results are
summarized in Fig. 15. The insertion loss was slightly increased
when increasing the input RF power, but the isolation was
constant up to 0.9 W. A small nonlinearity in the ON state
was observed. In addition, latching or self-actuation was not
detected up to 0.9 W. In order to measure the self-actuation

power level, a dc bias was applied between the RF signal
line and ground line directly using a voltage source. Self-
actuation was observed at an applied power of 27 and 34 V,
respectively. The root-mean-square potentials of 27 and 34 V
were obtained from 29 and 46 W of RF power.

V. CONCLUSION

In this paper, we described our development of a non-
contact-type RF MEMS switch for 24-GHz radar applications.
This switch is a capacitive shunt type operated by the change
in capacitance between the signal line and ground lines. The
switching mechanism is unique due to the small air gaps
between the capacitors even in the OFF state. Therefore, the
normal problems of the contact switch do not occur in this
switch. To realize the large and precise mechanical motion
of the switch, the SSOI process is used for switch fabrication.
The actuation voltage of the fabricated switch is 25 V, and
the actuation stroke is 25 μm. This large motion is feasible
by using bulk silicon. The same design fabricated by the
more conventional SOI process breaks due to residual stress.
The measured switching times are 8 ms from the OFF to the
ON state. However, the first peak appeared within 300 μs
from the drop of the control voltage. For the transition from
the ON to the OFF state, about 200 μs was taken. The RF
characteristics of the fabricated non-contact-type switch have
been measured using a vector network analyzer. In the ON state,
the insertion loss is 1.43 dB at 24 GHz. However, the extract
signal loss only in the variable capacitor structure is 0.29 dB.
In the OFF state, because of the fabrication process uncertain-
ties, the peak is not exactly at 24 GHz, but the isolation is
30.1 dB. The isolation is 25 dB or better for the range from
23.5 to 29 GHz. The switch could withstand over 0.9 W of
24-GHz RF power under hot-switching condition with high
linearity. By a self-actuation test, it could be inferred that self-
actuation would not be detected in an RF power below 29 W.
In the reliability test with RF power, mechanical failures are
not detected after 109 cycle actuation. In addition, the entire
structure of the switch has been fabricated using high-resistivity
SCS. Therefore, the fabricated switch demonstrated excellent
mechanical performance and properties.
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