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Abstract—This paper deals with a relatively new area of
radio-frequency (RF) technology based on microelectromechani-
cal systems (MEMS). RF MEMS provides a class of new devices
and components which display superior high-frequency perfor-
mance relative to conventional (usually semiconductor) devices,
and which enable new system capabilities. In addition, MEMS
devices are designed and fabricated by techniques similar to
those of very large-scale integration, and can be manufactured
by traditional batch-processing methods. In this paper, the only
device addressed is the electrostatic microswitch—perhaps the
paradigm RF-MEMS device. Through its superior performance
characteristics, the microswitch is being developed in a number of
existing circuits and systems, including radio front-ends, capac-
itor banks, and time-delay networks. The superior performance
combined with ultra-low-power dissipation and large-scale in-
tegration should enable new system functionality as well. Two
possibilities addressed here are quasi-optical beam steering and
electrically reconfigurable antennas.

I. INTRODUCTION

T HE 1990’s have brought a profound change in radio-
frequency (RF) technology driven largely by economic

and geopolitical events. On one hand, the wind-down of the
cold war has reduced the need for advanced RF systems,
particularly sensors; on the other hand, the dawning of the
information age has created a heightened interest and world-
wide market for communications systems and networking
of voice and data alike. The transition of RF technology
from one era to the other has been both challenging and
opportunistic. For the RF systems engineers, it has meant a
shift of thinking from large centralized systems to smaller
distributed systems. Along with this shift has come a change
from long-range systems, having large RF transmit power, to
shorter range systems, having relatively modest RF power.
In many cases, the new smaller systems must be mobile
or hand-held. The paradigm for these new systems is the
cellular wireless network consisting of a single powerful base
station feeding a local cell of hand sets acting like individual
terminals or nodes of the network. The popular digital cellular
and personal communications service (PCS) bands around 0.9
and 1.9 GHz, respectively, comprise much of the frequency
spectrum being used for cellular purposes.
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For technology engineers, the transition has been no less
challenging. The premium devices and components formerly
required to construct powerful centralized systems are no
longer required or can no longer be afforded in many new
distributed systems coming on line today. Instead, there is
an emphasis on more affordable and integrable technology,
which allows a greater degree of RF functionality per unit
volume, even if at a lower level of performance than obtained
with the former technologies. This has spawned widespread
research and development of silicon-based RF integrated cir-
cuits (RFIC’s), including deep-submicrometer Si CMOS and
SiGe heterojunction bipolar transistors (HBT’s). Taking ad-
vantage of the inherent manufacturability of Si very large-
scale integration (VLSI), RFIC technology has found unique
circuit and subsystem architectures well outside the traditional
digital design. One example of this is the “RF system-on-a-
chip,” such as the family of integrated circuits (IC’s) now
commercially available for global positioning receivers.1

This paper deals with another technology that has emerged
in recent years with a comparable level of interest and more
rapid development than RFIC’s. The technology is the design
and fabrication of microelectromechanical systems (MEMS)
for RF circuits (RF MEMS). In some ways, MEMS represents
the new revolution in microelectronics. It is similar to VLSI
circuits in that it allows the execution of complex functions
on a size scale orders of magnitude lower and at far less
power than discrete circuits. However, MEMS enables this
miniaturization on a class of sensors and transducers that
traditionally were constructed on the model of a large, often
cumbersome transducer or sensor coupled to a highly inte-
grated VLSI readout circuit or processor. A good example of
this is the MEMS accelerometer, now one of the largest single
MEMS application through its incorporation in air bags [1].
At the same time, MEMS leverages VLSI through the use
of common design and batch processing methodologies and
tools. It is this commonality with VLSI that has been credited
to a large extent for the rapid dissemination of MEMS into
the commercial marketplace.

It is important to realize up front that RF MEMS does not
necessarily imply that the micromechanical system is operating
at RF frequencies. As will be discussed briefly, in the largest
class of RF MEMS devices and components, the microelec-
tromechanical operation is used simply for the actuation or
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adjustment of a separate RF device or component, such as a
variable capacitor. In many of these devices, a key advantage
of the MEMS devices compared to traditional semiconductor
devices is electromechanical isolation. By this, we mean that
the RF circuit does not leak or couple significantly to the
actuation circuit. A second advantage is power consumption.
Many of the RF MEMS devices under development carry
out electromechanical coupling electrostatically through air (or
vacuum). Hence, the power consumption comes from dynamic
current flowing to the MEMS only when actuation is occurring.

However, the implementation of RF MEMS does not come
with impunity. Due to the mechanical actuation, they are
inherently slower than electronic switches. The electromechan-
ical actuation time is typically many microseconds or greater,
which is substantially longer than typical electrical time con-
stants in semiconductor devices. In addition, RF MEMS de-
vices can exhibit the phenomenon of “stiction,” whereby parts
of the device can bonded together upon physical contact. Each
of these issues will be discussed further.

II. MEMS AND MICROMACHINING

According to a recent definition, a MEMS is a miniature
device or an array of devices combining electrical and me-
chanical components and fabricated with IC batch-processing
techniques [2]. Critical to this definition is that MEMS has
both device and fabrication aspects. There are several MEMS
fabrication techniques currently in widespread use, including
bulk micromachining, surface micromachining, fusion bond-
ing, and LIGA, which is a composite fabrication procedure
of lithography, electroforming, and molding. The most im-
portant technique for RF MEMS is surface micromachining.
In short, surface micromachining consists of the deposition
and lithographic patterning of various thin films, usually on
Si substrates. Generally, the intent is to make one or more
of the (“release”) films freestanding over a selected part of
the substrate, thereby able to undergo the mechanical motion
or actuation characteristic of all MEMS. This is done by
depositing a “sacrificial” film (or films) below the released
one(s), which is removed in the last steps of the process by
selective etchants. The variety of materials for the release
and sacrificial layers is great, including many metals (Au, Al,
etc.), ceramics (SiO and Si N ), and plastics (photoresist,
polymethyl methacrylate (PMMA), etc.). Depending on the
details of the MEMS process and the other materials in
the thin-film stack, the release and sacrificial layers can
be deposited by evaporation, sputtering, electrodeposition, or
other methods.

Surface micromachining has been used for a long time,
dating back to MEMS work of the 1960’s at Westinghouse.
A breakthrough in surface micromachining has come in the
form of dry etching, particularly reactive-ion etching (RIE).
By mixing reactive chemicals in a plasma discharge and
adding a semiconductor wafer with thin films deposited on
top, select materials on the surface can be etched away at
useful high rates and with high levels of material selectivity.
For example, chlorine-bearing compounds in a high-density
plasma can yield nearly isotropic silicon etching with a se-

Fig. 1. Technology diagram for three different RF MEMS device categories.

lectivity of silicon-to-SiO of better than 100 : 1. By the same
token, low-pressure plasma etching [e.g., inductively coupled
plasma (ICP)] allows independent control of the ion density
and energy.

Bulk micromachining involves the creation of mechanical
structures directly in silicon, quartz, or other substrates by
selectively removing the substrate material. It is the most
mature of the micromachining technologies and has been
used for many years in a variety of sensors and actuators,
including pressure sensors, accelerometers, and ink-jet nozzles.
The process includes the steps of wet chemical etching, RIE,
or both to form the released or stationary microstructures. With
wet etching, the resulting structures depend on the direction-
ality of the etch, which is a function of the crystallinity of the
substrate and the etching chemistry. The shape of the resulting
microstructures becomes a convolution between the etch–mask
pattern and the etching directionality. Hence, the narrow deep
microstructures generally pursued in bulk micromachining are
difficult to achieve, and better results are often achieved with
the RIE techniques discussed above. A common RIE-based
bulk-micromachining technique is the single-crystal reactive
etching and metallization (SCREAM) process, which has been
used to make deep microstructures in silicon and GaAs [3], [4].
The SCREAM process can produce structures having aspect
ratios up to 50 or more (aspect ratio maximum vertical
feature/minimum lateral feature), and which span over lateral
dimensions of 5 mm or more.

III. OVERVIEW OF RF MEMS COMPONENTS

Although it is still early for a time-tested categorization of
RF-MEMS devices, the development to date tends to place
them into different classes depending on whether one takes an
RF or MEMS viewpoint. From the RF viewpoint, the MEMS
devices are simply classified by the RF-circuit component they
are contained in, be it reactive elements, switches, filters, or
something else. From the MEMS viewpoint, there are three
distinct classes depending on where and how the MEMS
actuation is carried out relative to the RF circuit. The three
classes are: 1) the MEMS structure is located outside the
RF circuit, but actuates or controls other devices (usually
micromechanical ones) in the circuit; 2) the MEMS structure



1870 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

(a) (b)

Fig. 2. Functional diagrams of two common RF MEMS switch structures. (a) Cantilever. (b) Air bridge.

is located inside the RF circuit and has the dual, but de-
coupled, roles of actuation and RF-circuit function; and 3)
the MEMS structure is located inside the circuit where it has
an RF function that is coupled to the actuation. We refer to
each of these classes as: 1) RF extrinsic; 2) RF intrinsic; and
3) RF reactive.

Each of the MEMS classes has produced compelling ex-
amples, e.g., the tunable micromachined transmission line in
the RF-extrinsic class, shunt electrostatic microswitch and
comb capacitors in the RF-intrinsic class, and capacitively
coupled micromechanical resonator in the RF-reactive class.
A collection of these devices is shown in the RF MEMS
technology diagram of Fig. 1. The richest class is clearly the
RF-intrinsic, which already boasts three promising devices.
Here, we have tunable capacitors and inductors that are
expected to operate up to at least a few gigahertz in frequency,
and we have RF-embedded switches that operate well from a
few gigahertz up to at least 100 GHz.

This paper primarily concentrates on the switches, which
are the essential devices for RF reconfigurability. In so doing,
it will become apparent that the mapping between RF device
and MEMS class is not unique. In other words, the switching
function, or any RF function for that matter, can often be
achieved by different MEMS configurations. This is one reason
why RF MEMS have recently become interesting to many RF
component and circuit engineers. Of course, another reason is
the potential systems impact. Probably not since the advent of
GaAs microwave IC’s has an RF technology shown so much
promise to improve system performance and affordabilityat
the same time.

IV. RF MEMS SWITCHES

The microswitch is arguably the paradigm RF-MEMS de-
vice. In essence, it is a miniaturized version of the venerable
toggle switch. In addition to the three classes based on MEMS

actuation, the switches can be categorized by the following
three characteristics:

1) RF circuit configuration;
2) mechanical structure;
3) form of contact.

The two common circuit configurations are single pole sin-
gle throw (SPST): series or parallel connected. The most
common mechanical structures are the cantilever and the
air bridge, shown schematically in Fig. 2(a) and (b), re-
spectively. The common contact forms are the capacitive
(metal–insulator–metal) and resistive (metal-to-metal). Each
type of switch has certain advantages in performance or
manufacturability that are addressed later in this paper.

As in all RF switches, definitions of actuation and metrics
are necessary to characterize performance. Following electrical
convention, the number of poles is the number of input
terminals or ports to the switch, while the number of throws is
the number of output terminals or ports. Any switch is assumed
to be binary and digital in the sense that it can lie in one of
only two possible actuation states. In the “on” state, the switch
is configured to connect the input port to the output port, while
in the “off” state, it is configured to disconnect the two ports.
The conventional RF metrics are [5]: 1) insertion loss in the
on state; 2) the isolation (i.e., ) in the off state; and 3)
the return loss (i.e., ) in both states. While pedestrian to
RF engineers, these definitions and metrics are helpful when
analyzing some of the unique switch types that MEMS enable.

A. Mechanical Structures and Actuation

The cantilever consists of a thin strip of metal and dielectric
that is fixed on one end and suspended over free space
elsewhere. The bridge is a thin strip of metal and dielectric
that is fixed at both ends and suspended over free space in
the middle. The diaphragm is a thin membrane of metal and
dielectric fixed around its periphery and suspended over free
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Fig. 3. Plot of equilibrium forces versus the gap dimension in a typical
bridge switch. The inset shows the equivalent mechanical model for the bridge
switch.

space in the middle. Some or all of the metallic parts of the
cantilever, bridge, or diaphragm is suspended over a bottom
metal contact in such a way that the two contacts form a
capacitor. When a bias voltage is applied between the contacts,
charge distributes in such a way that an electrostatic force
occurs between them. Independent of the voltage polarity, the
voltage forces the top contact down toward the bottom one,
creating an opposing tensile force as the structure is bent.
When the applied voltage reaches a certain threshold value,
the tensile force can no longer balance in detail the electrostatic
force, and the cantilever abruptly falls to the bottom contact.
If the magnitude of voltage is then reduced, the cantilever
releases back up, but typically at a much lower voltage than

. This creates a hysteretic characteristic (typical of all
MEMS switches).

The actuation behavior of electrostatic MEMS switches
can be understood from the equivalent parallel-plate capacitor
shown in the inset of Fig. 3. The bottom plate is fixed in space
and the top plate is held by a spring having constant. With
an applied voltage , the force on the top plate is given by

, where is the permittivity of free space,
is the effective area of the capacitor, andis the physical

separation between the contacts (i.e., the gap). Of course, this
force is counteracted by a strong repulsive force when the
plates touch, which arises from solid-state compression in the
material making up the plates. This force can be approximated
by the where is a (large) force constant and
is the unit step function. Assuming that the spring behavior
follows Hooke’s law, the upward force on the top plate is
given by where is the relaxed gap. For an arbi-
trarily applied voltage, the gap is found by balancing the two
counteracting forces .

A good example of actuation in RF-MEMS switches occurs
in the air-bridge (or double-clamped beam) structure. In this
case, the equivalent-spring constant is approximately by

, where is Young’s modulus, and , ,
and are air-bridge width, thickness, and length, respectively.
Typical values of these quantities in actual switches are

m, m, m, and N/m

(gold), so that m and N/m. The
typical relaxed gap dimension is 4m and it is assumed that
there is a 0.2-m layer of Si N on top of the bottom electrode.
Substituting these values into the force–balance expression,
one can determine the equilibrium gap graphically by plotting
the forces versus the gap dimension, as shown in Fig. 3.
The dashed curves represent the spring force, and the solid
lines, parametrized by different bias voltages, represent the
sum of the electrostatic and compression forces. The solid
curves display a concave-up region over the major range of
gap dimension where the force is primarily electrostatic, and
a precipitous drop down to the gap dimension equal to the
bottom dielectric layer.

The intersection between the curves in Fig. 3 represents the
equilibrium solution. By increasing the voltage gradually from
0.0 to 0.5, 1.5, and 3.0 V, one can see the gap slowly decrease
from 4 to 3.45 m. By 4.0 V, there is no longer an intersection
between the curves over the electrostatic range, and the only
possible solution is the intersection in the compressive range
where the gap is at 0.2m and the force is approximately
1 10 N. Upon decreasing the voltage back through the
same increments, this intersection persists (i.e., the air bridge
remains pinned to the bottom dielectric) until the voltage
drops to just above 0.5 V. At this point, the only possible
intersection is back in the electrostatic region at a gap just
below 4.0 m. The resulting behavior of gap dimension (or
capacitance) versus voltage is very hysteretic, similar in many
ways to the behavior of output voltage versus input voltage
in electronic latches.

The above analysis is helpful for physical insight, but
ignores some practical effects that can affect the actuation
values in real switches. Two such effects are stress in the
air-bridge material comprising the top contact, and “stiction”
between the bridge and bottom contact. For metal air bridges,
the stress is generally tensile and often occurs at levels
exceeding 10 Pa. This has the effect of increasing the spring
constant (i.e., moving up the dashed curve in Fig. 3), so that
the threshold voltage for switching is increased substantially.
Stiction describes the process whereby the top and bottom
electrodes bond together by microscopic surface forces. It is a
strong function of the surface morphology of the contacts,
and is particularly problematic in metal-to-metal switches.
The addition of a thin dielectric layer between the metals,
such as that described in the above analysis, helps mitigate
this problem.

Due to the capacitive nature of the actuation, all of the
RF MEM switches do not require continuous dc current
for operation. In this sense, the control of these switches
is like the control of CMOS switches. Associated with the
control electrodes in the MEMS switch is a capacitance
in the on and off states, and , respectively. The
electrostatic energy required to put the switch into one of
these states is just . Independent of the type of
switch, the switch state with control electrode drawn down
will dominate in both capacitance and voltage. Hence, the
power dissipated is approximately , where

is the switching rate. For example, the air-bridge device
simulated and analyzed above has a switch-down capacitance
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of 13 pF, so that if we assume a down-state bias voltage of 4 V
and a switching frequency of 10 kHz, the power dissipation
is approximately 1 W.

Due to the low power dissipation and bias current, the RF
isolation in the bias circuit of MEMS switches is relatively
simple and can be carried out with resistors. In contrast, the
much larger dc current drawn by traditional solid-state RF
switches forces the isolation to be carried out with inductors
because resistors would create too much voltage drop. In
general, IC resistors are much smaller and cheaper than
inductors and can be fabricated monolithically when the RF
MEMS switch is fabricated on silicon.

B. Dynamic Characteristics

Additional issues in MEMS switches are their dynamic
response and their switching time. To first order, the dy-
namic response can be estimated from the equivalent-spring
model in the absence of electrostatic or compressive forces,
which predicts a natural resonance frequency given by

. From the parameters derived above and the
density of the air bridge, the natural resonance is found to
be 25.4 kHz, which is a typical value found on experimental
MEMS switches. The switching time is more difficult to
predict because it pertains to the time required for the air
bridge to drop from threshold state to the bottom contact under
the effect of electrostatic force. Since this force increases as
the gap closes (as ), the switch-down time is substantially
shorter than one might first guess. Typically, structures having
the size and characteristics of the air bridge analyzed above
will switch from the up to down state in roughly 1s. In
contrast, switching from the down state to up state is much
slower, taking roughly 10 s. It is this longer time that
is usually quoted as the limitation of RF-MEMS switching
speed. Switch types other than air bridges may help ease
this limitation and are currently being pursued by the MEMS
device community.

When an ac voltage is applied to the microswitch at fre-
quencies much less than the natural frequency, the membrane
follows the ac waveform with nearly the same response as at
dc. Hence, the ac waveform will induce switching when its
amplitude exceeds the threshold voltage. At frequencies much
greater than the natural frequency, the membrane no longer
follows the instantaneous waveform and, instead, responds
only to the root mean square (rms) voltage between the
electrodes. This makes the MEMS switch very linear with
respect to the high-frequency signal. In other words, when
signals at two different frequencies are incident on the switch
through the RF line, there is practically no mixing or inter-
modulation between the two signals. This is quite unlike the
case in solid-state switches (e.g., p-i-n diodes or FET’s) where
the inherent nonlinearity of the current–voltage curves of the
device makes intermodulation much stronger and problematic
at power levels as low as 100 mW.

In spite of their inherent superiority in linearity, most
if not all, of the RF-MEMS devices have displayed RF-
induced switching. This occurs roughly when the rms voltage
becomes large enough to close the switch by itself with no

(a) (b)

Fig. 4. Micrographs of the SPST switches developed at (a) Hughes Research
Laboratories and (b) Rockwell Science Center.

assistance from the dc bias. The corresponding RF power level
depends on the switch type and its physical characteristics.
The exact reason for this is currently being investigated by
RF-MEMS researchers.

C. Switch Examples

To date, several RF-MEMS switches have been devel-
oped and tested, but two types stand out because of their
continued pursuit by several different organizations: 1) the
RF-extrinsic, cantilever- or spring-actuated switch having a
metal beam on the free end of the cantilever that forms
an SPST series-configured metal-to-metal contact and 2) the
RF-intrinsic self-actuated bridge switch that forms an SPST
parallel-configured metal–insulator–metal contact. Structures
other than cantilevers and bridges (e.g., diaphragms) have
also been investigated, but their performance has been in-
ferior for one reason or another. There are currently also
some single-pole multithrow switches under investigation,
but no conclusive results have been reported so far. Thus,
in this paper, only the cantilever-actuated series-configured
beam and self-actuated parallel-configured bridge will be
discussed further.

1) RF-Extrinsic Series-Configured Switch:Shown in
Fig. 4(a) and (b) are micrographs of the SPST switches
developed at Hughes Research Laboratories (HRL), Malibu,
CA, and the Rockwell Science Center, Thousand Oaks, CA
[6], respectively. In both cases, the RF contact is established
by a metal beam that in the switch-on or down state establishes
continuity by bridging the gap in an RF transmission line. In
the HRL switch, the metal beam is mounted on one end of
a single dielectric cantilever with a metal pad at its center.
Electrostatic force between the pad and a bottom electrode
actuate the switch. In the Rockwell switch, the metal beam is
mounted in the middle of a dielectric folded spring, which is
also actuated by a metal pad within its extent. In both cases,
there is a large actuation structure designed for high leverage
and relatively long physical throw. This allows for significant
force to be applied to the metal-to-metal RF contact in the on
state, and for a significant gap (many microns) to be created
between the metal contacts in the off state. The result is low
insertion loss and high isolation.

Shown in Fig. 5 are the experimental results for the metal-
to-metal switches. Qualitatively, the RF characteristics of both
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(a) (b)

Fig. 5. Experimental results for the metal-to-metal switches. (a) Transmis-
sion parameter for HRL switch in on state (upper) and off state. (b) Insertion
loss and isolation of Rockwell Science Center switch in on state and off state,
respectively.

Fig. 6. Micrograph of the SPST parallel-configured air-bridge switch devel-
oped at Texas Instruments (now Raytheon/TI).

switches are similar. In the HRL switch of Fig. 5(a), the
insertion loss (upper graph) increases very gradually with
frequency from less than 0.1 dB below 1 GHz to approximately
0.25 dB at 40 GHz. In the Rockwell switch of Fig. 5(b), the
insertion loss increases from about 0.4 dB below 1 GHz to
just over 1 dB at 40 GHz. The isolation for the HRL switch
(lower graph) degrades from about 40 dB below 1 GHz to
about 20 dB at 40 GHz. The Rockwell switch is superior in
isolation, ranging between better than 50 dB below 1 GHz to
approximately 25 dB at 40 GHz. The superiority in isolation of
the Rockwell switch is attributed in part to its greater vertical
displacement.

2) RF-Intrinsic Parallel-Configured Switch:Shown in
Fig. 6 is a micrograph of the SPST parallel-configured bridge
switch developed at Texas Instruments Incorporated (now
Raytheon/TI), Dallas, TX. The RF contact is established by
a metal–insulator–metal bridge that, in the switch down or
off state, loads the center conductor of an RF transmission
line with a small capacitive reactance to the ground plane.
Electrostatic force between the top and bottom electrodes
actuates the switch. Unlike the series-configured switches, the
actuation structure for parallel-configured bridges is the same
as the switching structure. The insertion loss and isolation are
related to the capacitance of the switch in its on and off states.
For low insertion loss, the “on” capacitance (switch up)
should be as low as possible, and for high isolation, the “off”

(a) (b)

Fig. 7. Experimental results for the Raytheon/TI metal–insulator–metal
switch in (a) the on state and (b) off state.

capacitance (switch down) should be as high as possible.
Hence, a useful figure-of-merit is the ratio .

In the parallel-plate approximation
and , where is the thickness

of the air gap, is the thickness of the insulating layer,
is the dielectric constant of the insulating layer, andis

the effective area of the capacitor. Hence, the ratio is given
by , independent of area. As
an example, the air gap in the switches of Fig. 6 is typically
2 m, the insulator thickness is approximately 0.1m, and
its dielectric constant is typically 7.5. This yields an on-to-
off ratio of 151. In contrast, the ratio in a typical
solid-state varactor switch, such as a reverse-biased Schottky
diode, is limited to values around ten or less. This is because
the capacitance is determined mostly by the length of the
depletion region, which, to first order, varies as the square
root of the reverse voltage. Also, the reverse bias must be
limited to levels of roughly tens of volts to avoid the reverse-
breakdown mechanisms.

Shown in Fig. 7 are the experimental results for the
metal–insulator–metal switch. The insertion loss in Fig. 7(a)
is similar qualitatively to that of the metal-to-metal switches,
increasing gradually with frequency between approximately
0.1 dB below 1 GHz to about 0.3 dB at 40 GHz. The high-
frequency values are remarkably close to those in Fig. 5(a)
for the metal-to-metal switch. In contrast, the isolation
behavior in Fig. 7(b) differs from that of the metal-to-
metal switch substantially. Quantitatively, the isolation of the
metal–insulator–metal switch is rather poor at low frequencies,
being approximately 0 dB at 1 GHz. Also, opposite to the
metal-to-metal switch, the isolation improves with frequency,
approaching values around 35 dB at 40 GHz. The explanation
for these results stems largely from the fundamental difference
in electrical behavior between a series and parallel switch, as
discussed further in Section IV-D.

This same switch has also been characterized for linearity
and power-handling capability. In experiments conducted be-
tween 2–4 GHz, no intermodulation spurs were observed with
signal powers ranging up to 20 dBm [7]. Hence, only a lower
limit could be established on the third-order intermodulation
product (IP3), where IP3 66 dBm. In experiments to assess
the power-handling capability, similar switches were observed
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(a) (b)

Fig. 8. Equivalent circuit diagrams for (a) series configured MEMS switch
and (b) parallel-configured MEMS switch. In these circuits,ZS is the
impedance of the switch in the off state andZ0 is the characteristic impedance
of the transmission line in which the switch is embedded.

to self-close with approximately 3-W CW power at 10 GHz
and with approximately 1 W CW at 35 GHz [8].

D. Comparison of Series and Parallel Switches

The marked difference in isolation between the series and
parallel MEMS switch configurations can be explained quali-
tatively, at least at low frequencies, by the equivalent circuits
of Fig. 8. In these circuits, is the impedance of the
switch in the off state and is the characteristic impedance
of the transmission line in which the switch is embedded.
For both configurations, in the off state
where is relatively small in the series switch and large
in the parallel switch. By definition, the isolation is the
power from the source divided by the power delivered to
the load or where is the forward-scattering
parameter. For the series model of Fig. 8(a), circuit analysis
yields . For the parallel switch
of Fig. 8(b), . Both expressions are
consistent with the observed low-frequency behavior. The
isolation of the series switch approaches zero (i.e., dB)
in the limit of zero frequency and degrades with frequency as

. The isolation of the parallel switch approaches unity (i.e.,
0 dB) in the limit of zero frequency and remains relatively
constant up to a rolloff frequency of . Well
above this frequency, the isolation improves with frequency
as .

As an example, we consider the parallel-switch configura-
tion made with the typical air-bridge analyzed earlier having
an area of 4 10 m , a dielectric thickness of 0.2m, and
a dielectric constant of 7.5. This leads to an off capacitance of

pF. If we assume the typical characteristic load
impedance of , the rolloff frequency is found
to be 240 MHz. This explains why the isolation in Fig. 8
is increasing approximately as starting at the lowest
frequencies of the plot.

The equivalent-circuit model is not expected to predict the
high-frequency behavior of the switches because it ignores
the effect of surface modes. All planar transmission lines on
dielectric substrates are known to harbor these modes, the
number of which generally increases with frequency. The
surface modes can bypass the discontinuity created by the
off-state switch such as the gap in the center conductor of

Fig. 9. Typical VHF and UHF switchable radio front-end that must operate
simultaneously with other RF transmitters at the same physical site.

a series switch or the shunt between the center conductor
and the ground plane created from a parallel switch. In so
doing, the surface mode couples to the opposite side of the
transmission line with an efficiency that depends on many
factors, such as the spatial form of the mode. Although detailed
analysis is pending, some RF-MEMS researchers believe that
surface-mode coupling will ultimately limit the isolation of
series and parallel RF MEMS switches to values in the range
of 40–50 dB.

V. CIRCUIT APPLICATIONS

A. Signal Routing in RF System Front-Ends

The low insertion loss and high isolation of the metal-to-
metal microswitches across the common RF bands combined
with their low bias power and physical compactness makes
them attractive for the function of RF routing in the front-end
of many systems. A good example is the radio front-end, as
shown in the block diagram of Fig. 9. This is a type of radio
that must operate simultaneously with other RF transmitters
at the same physical site. In this case, there is a strong
tendency for “cosite” interference, which requires very high
dynamic-range receivers, very clean transmitters, and careful
attention to the overall electromagnetic compatibility. This
generally requires filters on each transmitter (Tx) and receiver
(Rx) to ensure that cross interference or signal jamming is
minimized. The filters must have a narrow instantaneous pass-
bandwidth, high rejection out-of-band, widely tunability, and
low insertion loss.

Due to the great difficulty, if not impossibility, in achieving
all of these filter characteristics simultaneously over many
radio channels, the practical solution is to decompose the
filtering task. The entire spectrum to be covered by the radio
is divided into several independent channels (
in Fig. 9), each of which has a filter of achievable instanta-
neous bandwidth, rejection, tunability, and insertion loss. RF
switches are then required at the input of each channel to
connect to the antenna or the exciter depending on whether
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the radio is receiving or transmitting. Simultaneously, switches
at the output of each channel must connect the output to the
receiver or transmitter electronics. Altogether, the network of
switches and filters shown in Fig. 9, which is called a fre-
quency preselector, is often very massive, power consuming,
and expensive.

A good example of such a front-end is the ARC-210,
probably the premier radio today for military airborne commu-
nications in the VHF and UHF bands between 30–400 MHz.
It comprises five independent channels at: 1) 30–88 MHz;
2) 108–136 MHz; 3) 136–156 MHz; 4) 156–174 MHz; and
5) 225–400 MHz, four of which can be scanned. Among
other characteristics, it has a front-end noise figure of 4.5 dB,
a 1-dB-output compression of 14 dBm (receive) and 9
dBm (transmit), and a 75-s tuning time over 160-kHz steps.
Most of the RF switching in the ARC-210 is done by 27
p-i-n diodes, each of which consumes many milliwatts of
power and provides less-than-desirable isolation. The superior
isolation of the MEMS switches (in combination) should
improve the transmit/receive isolation from 60 to80 dB,
with commensurate reduction in intermodulation distortion.
The lower insertion loss of the MEMS should reduce the
front-end noise figure from 4.5 to 4.0 dB. Also, the lower
power dissipation of the MEMS should reduce the total power
consumption from roughly 100 mW to less than 1 mW.

While the ARC-210 is now considered a legacy system,
the frequency preselector architecture is rather generic and
could apply to a variety of future radio and wireless systems,
For example, it is believed that the wireless transceiver of
the future will need to access a number of bands, including
0.9- and 2.1-GHz PCS, 5.3-GHz Supernet, and perhaps others.
It will also have to do so in an environment of increasing
cosite and other forms of EMI. The MEMS switches in the
preselector will easily scale with frequency, as implied by the
experimental data given above for the example switches. A
related question is the stability of the tunable filters, which
is being addressed by the development of high quality ()
tunable MEMS filters. The most promising one for the PCS
bands and higher is presently the MEMSLC tank filter in
which both the inductor and capacitor are made by surface mi-
cromachining techniques. To read more about this fascinating
filter technology, the reader is referred to [9].

B. Digitized Capacitor Banks

As explained above, the development of RF-embedded
MEMS switches affords new circuit applications not practical
with RF-separated devices. An excellent example is the use of
MEMS switches in digital capacitor banks. This is a promising
way to get a variable capacitance (although not with contin-
uous variability) that is highly linear and has high factor
up to microwave frequencies. Existing semiconductor devices
can provide continuous tunability (e.g., back-biased Schottky
diodes) of capacitance up to very high frequencies well into
the millimeter-wave band and beyond. However, their intrinsic

factor is limited to fairly low values because of
the significant conductance in semiconductor devices. This
arises in Schottky diodes, for example, by reverse leakage

Fig. 10. A 4-b capacitance bank containing fixed-value thin-film capacitors
connected to external circuit through MEMS switches.

through the depletion layer, and generally limits theto
values less than ten. It is interesting that even Si nMOS
varactors display values in this range [10].

The MEM switches can be used to make high-frequency
high- capacitors in several different ways using both the
RF-separated and RF-embedded devices. The first indication
of this capability was reported in 1996 using a diaphragm
variable capacitor having a of 62 at 1 GHz [11]. Fig. 10
shows the schematic diagram of a binary capacitor bank made
by using the air-bridge metal–insulator–metal structure as a
capacitance bit. This is made possible by the fact that the
ratio of unactuated (bridge up) to actuated (bridge down)
capacitance is so large (typically100) in this structure. A
multibit capacitance bank is then formed by fabricating other
structures with a binary relationship in the area, and connecting
them in parallel, as shown schematically in Fig. 10. Using
such a technique, a research and development team developing
such capacitor banks for tunable filters has fabricated a 6-b
bank having a range of capacitance between 0.5–32 pF.
measurements are currently pending.

B. Phase-Shifting Networks

1) Discrete- and Analog-Tuned Time-Delay Lines:One
of the more ubiquitous control functions at microwave and
millimeter-wave frequencies is phase shifting. For example, it
is essential to the operation of phase-lock loops and phased-
array antennas in receivers and transmitters alike. MEMS
switches benefit RF phase-shifting technology in a number
of ways, not the least of which is the ability to realize some
phase-shifter circuits that, while promising in principle, have
not been very successful because of performance limitations
with traditional solid-state technology. One such circuit is
shown in Fig. 11. It is a time-delay phase shifter in which

(three, in this case) different binary loops are connected
in series to provide possible electrical delays between the
input and output ports. Each loop has two arms of different
electrical length, and contains switches to force the RF signal
down one or the other of the arms. By choosing the length of
each loop appropriately, the electrical delays are equal to
an integral multiple of the least significant delay plus a built-in
offset delay. This creates a digital phase-shifter function.

As in many phase-shifter designs, it is desirable to have
the maximum phase shift (maximum electrical length) equal
to , so that the least-significant phase shift becomes

. As an example, we consider the case of
Fig. 11, where and the least-significant phase shift
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Fig. 11. Schematic diagram of time-delay phase shifter in whichN (three,
in this case) different binary loops are connected in series to provide2

N

possible electrical delays between the input and output ports.

(delay) is . Ignoring the built-in phase-shift offset
arising from the length of lines connecting the loops, we can
write the digital phase shift or time-delay characteristic for this
circuit as or , respectively, where

and is the phase velocity on the lines. While
simple to control and intrinsically wide-band, the digital time-
delay phase shifter can be too coarse for some applications
since the phase accuracy is inherently limited to the least-
significant bit. This can be overcome only by adding more
bits (loops) in the circuit, which has the adverse affect of
adding propagation losses and circuit area. A compromise in
many RF-sensor (e.g., radar) applications is 4-b (22.5phase
accuracy).

A clever means of achieving time-delay phase shifting while
reducing the circuit area and improving the phase accuracy
has been demonstrated recently at the University of Michigan
at Ann Arbor [12]. The approach is a coplanar-waveguide
transmission line periodically loaded with MEMS switches.
Each switch is fabricated in the parallel configuration directly
across the line in such a way that a variation in the gap
of the parallel switches changes the capacitance and, hence,
the phase shift and electrical time delay down the line. The
phase shift is where the time delay is given
by . Here, is the
physical length of line, and are the specific capacitance
and inductance, respectively, of the unloaded line, andis
the physical period of the MEMS bridges. Analog control
is provided by electrostatic control of , which generally
only provides about 33% variation of the relaxed capacitance
before pull down occurs. Although a single switch is thus
a relatively limited analog varactor, the combined effect of
many switches on the loaded transmission line is substantial.
For example, a 10.1-mm-long loaded line has been fabricated
with 32 MEMS air-bridges having 30-m width and 306-m
period. The result was a nearly linear dependence of phase
shift on frequency from dc up to 60 GHz with a slope that
depended smoothly on switch bias voltage. The value of slope
was approximately 0.3/GHz at 10-V bias, 0.7/GHz at 15-
V bias, 1.3 /GHz at 20-V bias, and 1.7/GHz at 22-V bias.
Remarkably, the insertion loss was not too much higher than
that of the unloaded line, being 1.8 dB at 40 GHz, 2.0 dB at
60 GHz, and largely independent of bias voltage.

1) Incorporation Into Phased Arrays:The importance of
time-delay phase shifting is made evident in Fig. 12(a) and (b),
where the signal at frequency from two antenna elements

(a) (b)

Fig. 12. Schematic diagram of electromagnetic interference between two
adjacent antenna elements driven by (a) conventional phase shifters and (b)
time-delay phase shifters.

separated by distanceis passed through conventional phase
shifters and a time-delay network, respectively. In both cases,
the antennas will interfere constructively at an angle
(relative to the zenith) where the difference in phase shift
feeding the elements matches the difference in phase
incurred through the radiation along angle, which is
given by . This expression leads to constructive
interference at the angle .

For a conventional phase shifter, is independent of fre-
quency to first order. Hence, if a second signal at frequency
is passed through the phase shifters, the constructive interfer-
ence will occur at a different angle of .
For time-delay phase shifting, depends on frequency as

where and are
the physical length and the velocity of radiation, respectively,
for the delay line. Substitution of this into the constructive-
interference condition yields ,
which is independent of frequency.

The variation in constructive-interference angle with fre-
quency is called “squint” and has long been known as a
problem in constructing RF phased arrays having wide in-
stantaneous bandwidth. By the same token, time-delay phase
shifters have long been sought as a solution to this problem.
Traditional solid-state switches such as p-i-n diodes and FET’s
introduce cost, performance, or bias-power problems in the
typical arrays used for radar and communications (thousands
of antenna elements). P-i-n diodes have low insertion loss,
but consume great bias power and are not readily integrated
with their bias and other RF electronics. Although much more
integrable, FET’s have higher insertion loss because they are
not very good resistive (on/off) switches. At microwave fre-
quencies, the finite on-resistance typically leads to an insertion
loss of 1 dB (i.e., 21%) and, because at least one switch is
required for each bit in the time-delay phase shifter, at least
half of the transmit power is lost to the switches alone, not
accounting for transmission-line and other losses.

RF-MEMS switches are promising because they can simul-
taneously provide the RF performance (low insertion loss and
high isolation) comparable to or better than p-i-n diodes, the
circuit integrability of FET’s, and a bias power consumption
much less than either. Given the levels of switch performance
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Fig. 13. Conventional “slat” phased-array architecture in which the phase
shifters and other RF electronics are integrated with planar antennas on parallel
cards.

plotted in Fig. 7, it has been projected that 4-b phase shifters
will be realized that have roughly 2.5 dB of total insertion loss
in -band (centered at 10 GHz) and 3.5 dB of total insertion
loss in -band (centered at 35 GHz) [13]. More than 50%
of these values arises from RF losses in the transmission line
and MEMS bias lines. In principle, the losses in the lines
could be reduced by bulk micromachining techniques such as
those developed at The University of Michigan at Ann Arbor
[14], [15].

A promising architecture for the insertion of MEMS phase
shifters is the “brick” array, shown in Fig. 13, in which
the phase shifters and other RF electronics are integrated
with planar antennas on parallel slats [16]. Note that the
relatively slow switching speed of the MEMS switches does
not necessarily hinder the system performance in such arrays.
For example, when used for beam steering in long-range radar
or communications systems, the phase shifters are usually
adjusted on time scales of microseconds or longer.

VI. THE FUTURE

A. Quasi-Optical Components

Quasi-optical techniques entail the processing and control
of electromagnetic signals as they are propagating in free
space or an extended spatial mode rather than in the confined
transmission line of a microwave IC. In general, quasi-optical
components consist of arrays of individual solid-state devices
or monolithic microwave integrated circuits (MMIC’s) in the
region of space where the electromagnetic beam or mode
passes through. These arrays operate on the entire beam
or mode in a cooperative fashion under separate electronic
control. Some of the processing functions that can be carried
out are beam steering, power amplification, and frequency
multiplication [17].

Although many good quasi-optical circuits have been stud-
ied to date, most of them have been hindered in performance
or fabrication by the presence of the substrate material used to
make the devices or MMIC’s. Whether it is GaAs, Si, or some
other high-speed semiconductor material, the high dielectric
constant makes it difficult to couple radiation efficiently from
free space (or an extended mode) to the substrate and then
back out again. MEMS offers a solution to this problem in two

Fig. 14. Quasi-optical beam-steering component made by MEMS switches
across waveguides micromachined into silicon substrates.

key ways. The bulk micromachining can be used to remove the
substrate where it causes problems in RF behavior, and the sur-
face micromachining can be used to make switches and other
device that offer performance characteristics far better than
their semiconductor counterparts. Of course, this presupposes
that the substrate used for the MEMS fabrication is amenable
to bulk micromachining, so that silicon is usually favored.

A good example of a quasi-optical component made by
MEMS switches and micromachining is the beam-steering
array shown in Fig. 14, which is based on a concept developed
in the early 1990’s [18]. It consists of a triangular lattice of
rectangular holes in a silicon substrate. The holes are created
by bulk micromachining of silicon using a wet chemical
etchant. The holes have sloped walls consistent with the
anisotropy of wet etchants. Each hole is metallized to act like
a waveguide, and the mouth of each hole is covered with a
silicon oxynitride membrane on which RF circuit elements are
fabricated. One element is a metal beam spanning across the
narrow dimension of the rectangular waveguide and having a
gap at its center. The next element is a MEMS (metal-to-metal)
switch mounted across each gap.

Due to the low on-resistance of the MEMS switch, the metal
beam across the waveguide is electrically continuous with the
switch on (i.e., closed). In this state, the effect of the beam
on the fundamental mode of the rectangular waveguide is a
simple inductance. The value of the inductance is determined
by the dimensions of the beam. This means that the phase of
the electric field is advanced relative to having zero inductance.
With the type of isolation demonstrated in the metal-to-metal
switches earlier, the off (i.e., open) state of the MEMS switch
should approach zero inductance.

To get more than 1 b of phase shift, multiple wafers can
be stacked in the manner shown in Fig. 15. The number of
wafers is chosen to achieve approximately adifference in
phase shift between all switches on and off. The substrates
are separated by shims to achieve a precise electrical length
between phase shifters. The edges of the silicon substrates are
held in a flange that registers the substrates for alignment of
the waveguides. An analysis of such a device has been carried
out at 35 GHz, leading to the prediction of a steering angle of
somewhat less than 40(limited by the presence of grating
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Fig. 15. Quasi-optical beam-steering wafers stacked in series to achieve
multiple-bit phase control and nearly2� overall phase shift.

lobes), approximately 3 dB of insertion loss and a 2-GHz
operational bandwidth [19].

B. Reconfigurable Antenna Apertures

For several years, there has been considerable interest in
developing antennas that can alter their radiating topology
electronically. In a first step with this concept, one research
group has been developing a planar dipole antenna containing
a metal-to-metal MEMS series switch in each arm [20]. Since
the switch is located approximately halfway between the
driving gap and end of the arms, the resonant frequency is
varied by about a factor of two between the switch-on and
switch-off states. Assuming that the resonant impedance is
nearly matched to the generator impedance at both frequencies,
the switching action of the MEMS leads to high antenna
gain at the two disparate frequencies, and it accomplishes
this within the same physical aperture. This is quite distinct
from another combination of switches and antennas popular
in the wireless arena today. In the latter technology, known as
“smart antennas,” different antennas (i.e., different apertures)
are judiciously connected to transceivers to achieve specific
improvements in link performance and to mitigate the effects
of multipath or cosite interference.

By implementing surface-micromachined MEMS switches
over larger areas, it may be possible to extend the switch-
able antenna concept to form a fully reconfigurable aper-
ture, as shown schematically in Fig. 16. This consists of
a two-dimensional matrix of conducting “islands” separated
by MEMS switches. By judiciously closing a subset of the
switches and leaving the remainder open, one can, in principle,
synthesize a large variety of conducting topologies ranging

Fig. 16. Topological view of three configurations of an array of planar
antenna elements made reconfigurable by MEMS switches that interconnect
between the elements.

Fig. 17. Plot of theoretical antenna gain versus frequency for a 24 cm�

24 cm radiating aperture. 1) Diffraction-limited performance. 2) Approximate
performance at 0.62, 1.25, 2.5, 5, and 10 GHz for a reconfigurable aperture
in which the elements are changed to resonant length and half-wavelength
separation at each frequency. 3) Approximate performance for fixed-element
phased array designed for resonant length and half-wavelength element
separation at 5 GHz.

from variable-spacing phased arrays, as shown in Fig. 16, to
large single elements like an Archimedian spiral. In so doing, it
should be possible to construct high-gain apertures that operate
over much wider bandwidths than can be achieved today.

To understand the advantage of the reconfigurable aperture,
it is helpful to look at the example of a phased array containing
a square lattice of individual elements covering an area.
Suppose that each element is designed for impedance match
to its generator at frequency, is separated from its neighbors
by approximately , and displays an elemental
radiation efficiency of . Then according to the antenna
theorem, the phased array as a whole should display a gain
of . This point is quantified in the plot (labeled
fixed array) of Fig. 17, where it is assumed that
GHz, cm, and , so that
dB. For comparison, this plot also contains the diffraction-
limited curve over the range of 0.5–10 GHz.
For the given values, the diffraction-limited gain at 5 GHz is
approximately 22 dB.

Now suppose that the frequency is increased twofold as
in the middle part of Fig. 16. If the array configuration
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remains the same as at 5 GHz, the aperture efficiency degrades
substantially because of the onset of grating lobes near the
horizon of the pattern. This is associated with a drop in the gain
to roughly 0 dB. In contrast, if the aperture can reconfigure so
that the element spacing is cut in half and the element length
is reduced approximately two times, the gain will actually be
6 dB higher at 10 GHz than at 5 GHz, provided that the
elemental radiative efficiency remains nearly constant. This
result is shown in the reconfigurable aperture curve of Fig. 17,
which is seen to track the diffraction-limited curve. Finally,
when the frequency is decreased twofold to 2.5 GHz, the gain
of the fixed array drops off again. This is because the elements
now have less than the resonant length, the antenna impedance
is much less than at 5 GHz, and a substantial fraction of the
incident power is reflected back to the generator. In contrast,
the reconfigurable aperture again remains within a few decibels
of the diffraction-limited curve because, through switching,
the elements are able to maintain the resonant length and
impedance. At the same time, the separation between elements
must increase approximately two times to accommodate the
longer elements.

Clearly, the arguments just given depend on several as-
sumptions regarding the reconfigurable aperture architecture.
Firstly, it is assumed that every island in the switching matrix
can be fed by transmit or receive electronics with the required
values of amplitude and phase. This represents a significant
challenge in RF routing and packaging, and may require
the development of bulk micromachining transmission-line
technology along the lines of that addressed in [9]. Secondly,
it is assumed that the substrate on which the reconfigurable
aperture is mounted represents no or little perturbation to
the radiating elements, even over the multioctave bandwidths
analyzed. To meet this assumption, the substrate may require
an absorbing layer to prevent degenerative reflections from
an otherwise reflecting back plane. This will certainly reduce
the aperture efficiency. A better approach, but one requiring
research and development, would be a passive or active back
plane that could demonstrate zero phase shift to the electric
field over octaves of bandwidth. While very challenging, it
is conceivable that such a “zero phase shift” back plane
could be created from the new class of artificial dielectrics
(e.g., metallodielectric photonic crystals) or active frequency
selective surfaces (e.g., reflect-array amplifiers).

C. Market Projection

Given acceptable development of design tools and manu-
facturing capability, it is expected that the market potential in
RF MEMS will be substantial within the next 5–10 years. Ac-
cording to research conducted by Ernst & Young Entrepreneurs
Conseil, Paris, France, in 1996, the MEMS market was $12
billion for devices and $34 billion for systems. The same firm
estimates that by the year 2002, the market will have grown
to $34 billion for devices and $96 billion for systems. The
fraction of this market in RF MEMS is difficult to predict, but
it is generally agreed that the RF portion along with a similar
technology in optical devices and components are the most
rapidly growing MEMS technologies today [21].

VII. CONCLUSION

In recent years, the field of MEMS has grown very fast
and merged with many defense and commercial applications.
Much of this activity has been driven by the ability of MEMS
to miniaturize, reduce the cost, and improve the performance
of, transducers and actuators previously fabricated by hybrid
techniques. These benefits have stemmed from the compatibil-
ity of MEMS with silicon-based microelectronics and surface
and bulk micromachining. This paper has dealt with a recent
development along these lines called RF MEMS. Broadly
speaking, RF MEMS is a new class of passive devices (e.g.,
switches) and circuit components (e.g., tunable transmission
lines) composed of or controlled by MEMS. The most widely
investigated RF MEMS device has been the electrostatic
switch, consisting of either a thin metallic cantilever, air
bridge, diaphragm, or some other structure that when pulled
down to a bottom electrode shorts, opens, or loads an RF
transmission line. Several applications of the switches were
analyzed here, including switchable routing in RF system
front-ends, digital capacitor banks, and time-delay networks.
In the future, it is anticipated that RF MEMS will enable a
new class of components and subsystems that are electrically
reconfigurable. Two promising concepts discussed were dis-
cussed here: quasi-optical beam steering and reconfigurable
antennas. In these and most applications being considered, RF-
MEMS switches are promising a major positive impact on both
performance and cost—a rare occurrence for any technology
just entering the RF arena.
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