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Abstract: A review of radio frequency microelectromechanical systems (RF MEMS) technology,
from the perspective of its enabling technologies (e.g. fabrication, RF micromachined components
and actuation mechanisms) is presented. A unique roadmap is given that shows how enabling
technologies, RF MEMS components, RF MEMS circuits and RF microsystems packaging are
linked together; leading towards enhanced integrated subsystems. An overview of the associated
fabrication technologies is given, in order to distinguish between the two distinct classes of RF
microsystems’ component technologies; non-MEMS micromachined and true MEMS. An
extensive literature survey has been undertaken and key papers have been cited; from these, the
motivations behind different RF MEMS technologies are highlighted. The importance of
understanding the limitations for realising new and innovative ideas in RF MEMS is discussed.
Finally, conclusions are drawn as to where future RF MEMS technology may lead. It is likely that
the switch will continue to be the most important RF MEMS component, with future work
investigating its enhanced functionality, subsystem integration and volume production. The focus

of RF MEMS circuits will shift from the digital phase shifter to high-Q tuneable filters.

1 Introduction

While non-RF MEMS (radio frequency microelectrome-
chanical systems) technologies are now established within
high volume commercial markets, it is only now that RF
MEMS technologies are becoming poised to step out of
R&D laboratories and into commercial MEMS foundries.
The first RF MEMS papers started to appear a quarter of a
century ago; for example, within an IBM journal, a paper
was published on electrostatically actuated cantilever-type
capacitive membrane switches [1]. However, even though
RF MEMS technology can still be considered to be in its
infancy, a raft of interesting components and circuits has
been demonstrated over the past 5-years [2]; the most
notable are reviewed here, from the perspective of its
enabling technologies.

It is useful to introduce RF MEMS by first defining
common nomenclature. The term microsystems technology
is generally used within Europe and it represents specific
micromachined components (e.g. self-assembled or micro-
mechanical), microelectromechanical systems (actuated
using electrostatic, piezoelectric, magnetic or electrothermal
mechanisms) and microfluidic technologies. In the US
and Asia, the term MEMS (microelectromechanical
systems, or structures) loosely represents microsystems
technologies. In the context of MEMS, RF refers to radio
frequencies beyond DC to sub-millimetre wavelengths.
This distinguishes itself from optical MEMS technologies
that encompass the mid-infrared to ultra-violet part
of the frequency spectrum. With RF MEMS technology,
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lumped-element and distributed-element transmission line
components are generally used. This does not, however,
exclude the possibilities of implementing some of the
quasi-optical techniques that are employed in optical
MEMS.

A unique roadmap, showing the main RF MEMS
technologies that are currently being reported in the open
literature, worldwide, is shown in Fig. 1. The first important
area to be considered is fabrication technologies, comprising
predominantly either surface or bulk micromachining.
These technologies are related to all other areas identified.
For example, if only RF micromachined components are
considered, surface micromachining has been used to realise
3-D planar inductors and transformers, self-assembled
inductors and antennas and sliding planar backshort
(SPB) impedance tuners; while bulk micromachining has
been used to implement 3-D planar inductors and guided-
wave structures (e.g. transmission lines, resonators, cavities
and horn antennas). None of these micromachined
components can be considered as true MEMS components,
simply because there is no reconfigurable actuator involved
in converting a control voltage or current into mechanical
movement, once it has been manufactured. MEMS
components are micromachined components, but not
necessarily vice versa. Non-MEMS RF micromachined
components have already, to some extent, been incorpo-
rated into RF MEMS circuits.

When considering a true RF MEMS component, in
addition to the RF element, an electromechanical actuator
is required; the most appropriate choice of which is very
much dependent on the fabrication technologies available.
By far, the most common actuation mechanism is
electrostatic, followed by piezoelectric, magnetic and
electrothermal. In addition to these generic forms, the
scratch-drive actuator is becoming more popular. In
principle, the scratch-drive can be based on some form of
piezoelectric, magnetic or electrothermal actuation,
although electrostatic actuation is most common.
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Fig. 1 RF MEMS technology roadmap

In terms of true RF MEMS components, there are only
three generic types to have been reported so far: (i) the
switch; (ii) the variable capacitor; and (iii) the antenna. By
far, the single most important RF MEMS component is the
switch. The reason for this is that it can be used to
implement high performance and digitally-controlled com-
ponents (e.g. R, L and C lumped-elements), circuits (e.g.
attenuators, phase shifters, impedance tuners, filters and
antennas) and subsystems (e.g. signal routing for imple-
menting circuit redundancy, T/R modules and sectorised
antenna arrays). While the RF MEMS switch offers a
superiour performance over the PIN diode, the variable
capacitor has the potential to supersede the simple varactor
diode, especially in terms of tuning linearity and RF power
handling. The RF MEMS variable capacitor can find
applications in high-performance switches and analogue-
controlled circuits (e.g. phase shifters, impedance tuners and
filters). The only other generic RF MEMS component to be
reported is the antenna, which has its radiating elements
that physically move under some form of actuation
mechanism.

With the main RF micromachined components, RF
MEMS components and RF MEMS circuits being
identified, it is now appropriate to link them all to the very
important issue of RF microsystems packaging. With the
appropriate choice of packaging solution, which is very
much dependent on many external factors (e.g. RF
performance, fabrication technologies and cost), RF
MEMS components and circuits can be integrated into
subsystems that can offer a significantly greater RF
performance and enhanced functionality over conventional
solutions.

2 Fabrication technologies

Before RF MEMS technologies are reviewed, the fabrica-
tion technologies used in their manufacture will first be
introduced; an issue that is not so straightforward. This is
because RF microsystems have evolved as a result of
continual advances in a number of different manufacturing
technologies that have merged together, leading to a
blurring in their otherwise distinctive characteristic features.
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An attempt to provide a useful roadmap encompassing
some of the main technologies is given in Table 1.
Principally, these can be broadly partitioned into traditional
multilayer and micromachining, which have both been
applied to manufacturing of RF circuits since the 1970s.

2.1 Multilayer
As operating frequencies reduce, the size of both lumped-
element and distributed-element components generally
increase. As a result, chip sizes and therefore chip costs
increase. While this is not such an important-issue for
substrates used to realise hybrid microwave integrated
circuits (HMICs) or multi-chip modules (MCMs), it is a
very important driver when GaAs and more exotic
semiconductors are used to realise monolithic microwave
integrated circuits (MMICs). Multilayer technologies are
used to increase package densities, by implementing
traditional planar 2-D components with 3-D geometries [3].
With microfabrication technologies, a dielectric or metal
layer is first deposited and then a photolithographic process
is used to pattern the layer. This thin-film process is then
repeated for the next layer, and so on. Since sub-micron
feature sizes can be obtained, this technology is normally
associated with monolithic circuits; for example, a 3-D
millimetre-wave dielectric-filled metal-pipe rectangular wa-
veguide [4]. In recent years, however, Japanese industry has
been pioneering ways of increasing levels of integration. For
example, NTT developed an ultra-compact 3-D passive
circuit technology [5] and also its ‘master-slice’ technology
[6]. With the former, 10um vertical gold walls and
microwires have been constructed in air. With the master-
slice technology, an upper ground plane covers selected
areas of an MMIC’s active layer. Passive circuits are then
realised in a layer above this upper ground plane. This
technique is then repeated so that a number of passive
layers are stacked on top of one another. In the late 1980s,
Plessey Research (Caswell), now Bookham Technology,
and GEC-Plessey Semiconductors, now Intarsia Corpora-
tion, first started working together on multilayer processing
for the development of 3-D multi-chip modules (MCM-D).
Here, a number of aluminium layers, separated with thin
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Table 1: Fabrication technology roadmap

Manufacturing technology

RF components demonstrated
Non-MEMS

True-MEMS

microfabrication
(etching of the dielectric layers;
no sacrificial layers are used)

Multilayer

lumped-element components and 2-D
and 3-D transmission lines (e.g. rectan-
gular waveguides), master-slice and

MCM-D (deposited)

substrate bonding
(no etching of the substrate,
other than for via holes)

surface
(etching of the dielectric layers;
sacrificial layers are used)

Micromachining

bulk (etching of the substrate; etch-stop

and sacrificial layers are used) lines,

Inductors, rectangular waveguides, LIGA
microstrip filters, and patch antennas

Membrane-supported
rectangular waveguides, cavity

MCM-L (laminated)

switches, variable capacitors,
V-antennas

transmission

resonator filters

wafer bonding
(bulk-micromachined substrates are
bonded together)

Microshield transmission lines, coupled-
cavities, rectangular waveguide filters,
horn antennas

variable capacitors

polyimide layers, are deposited onto either a silicon or
sapphire substrate [7].

With substrate bonding techniques, high purity dielectric
substrates are bonded together, using either solder-bump
(i.e. flip-chip) technology, in order to create both electrical
and thermal contacts between the substrates. Techniques
have been developed by NTT for implementing 3-D
HMICs, using a laminated-type of MCM process [8].

2.2 Micromachining

In essence, surface micromachining technology has evolved
from multilayer microfabrication; the difference being that
sacrificial layers are used. Here, micromachining is generally
not applied to the substrate material, but on the dielectric
and/or conductive layers above it. For example, the
University of Bath reported a 600 GHz air-filled metal-pipe
rectangular waveguide structure, realised using just a single
wafer [9]. Here, a very thick layer of SU-8 photoresist was
used to define the waveguide. After gold was deposited onto
an SU-8 former, the sacrificial layer of SU-8 was removed
to leave a 3-D metal structure.

Bulk micromachining generally uses selective crystal-
lographic etching techniques of silicon wafer substrates [10];
exploiting differential etch rates between the crystallo-
graphic directions, due to the orientation of the silicon
crystal planes, or undercutting etch resistant features. In
addition to this, the Technical University of Darmstadt has
been pioneering micromachined structures from III-V
materials [11, 12]. Here, unlike with silicon, crystallographic
etching techniques cannot be employed and so chemical
etching is one alternative, but this is at the expense of poorer
precision and profile definition.

In RF performance terms, the metal-pipe rectangular
waveguide can be considered as the ultimate guided-wave
structure, although package density is very poor indeed.
The University of California first proposed the idea of
implementing air-filled metal-pipe rectangular waveguides,
using integrated circuit technology, back in 1980 [13]. More
than a decade later, in collaboration with the University of
Arizona, the California Institute of Technology demon-
strated a W-band micromachined air-filled metal-pipe
rectangular waveguide [14]. By using a two-wafer sandwich
approach, they achieved a measured level of insertion loss
of only 0.04 dB/Ag at 100 GHz. Wafer-bonding continues to
advance, with vertically integrated micromachined filters
being demonstrated at frequencies as low as 10 GHz [15].
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3 RF Micromachined components

Even though there are no reconfigurable electromechani-
cal actuators incorporated, some consider 3-D wave-
guide, micromechanical and self-assembled structures
to be MEMS components. Examples of RF micro-
machined guided-wave structures have already been cited
in Section 2.2.

Lubecke et al. [16] reported a noteworthy example of a
micromechanical RF micromachined component, by de-
monstrating a functional tuning element in a fully
monolithic sub-millimetre-wave integrated circuit. Here,
two micromechanical SPB impedance tuners were inte-
grated with coplanar waveguide transmission lines, in a
quasi-optical detector circuit operating at 620 GHz. The
tuning elements were used to vary the power delivered to
the detector over a range of 15dB, by adding a variable
reactance in series with an input antenna and a variable
susceptance in parallel with the detector.

3.1 Self-assembled components

Within the past 3 years, a couple of self-assembled RF
micromachined components have been reported; (i) the
inductor; and (ii) the antenna. These components are not
designed to be reconfigured, once manufactured, as true-
MEMS components are; they are only designed to be
erected out-of-plane only during the final stage of the
manufacturing process. However, their importance to the
future development of RF integrated circuits (RFICs)
should not be overlooked.

Traditional planar spiral inductors lie on their host
substrate and, as a result, suffer from unwanted effects. If
the substrate is low cost (i.e. low resistivity) silicon, used in
conventional RFIC technology, Q-factors can be very low
indeed. For this reason, medium-to-high Q-factor resona-
tors and filter circuits and low loss RF power combiners are
located off-chip. Using micromachining, on-chip inductors
can be integrated and spatially separated from the substrate,
giving the following advantages:

1. Removing the substrate reduces parasitic capacitances
and therefore increases the lowest self-resonant frequency,
operating bandwidth and unloaded Q-factor. In addition, it
removes the associated capacitive dielectric losses.

2. Removing the substrate reduces the energy coupled into
the substrate and therefore the energy propagating as

95



surface waves and/or energy coupled into adjacent struc-
tures.

3. By increasing the distance between the inductor’s current
carrying windings and both the lossy substrate and nearby
conducting layers (e.g. backside ground plane), induced
eddy currents and therefore the associated energy lost
through Joule’s heating can be minimised.

4. With vertical inductors (i.e. those having their plane
orthogonal to the surface of the substrate) more real-estate
is available to increase the number or turns and/or
conducting track width.

All these advantages increase the unloaded Q-factor of
the inductor still further.

In practice, a number of techniques have been reported to
spatially separate on-chip inductors from their substrate: (i)
undercutting the substrate material from beneath the spiral
[17]); (i) locating the inductor on a platform, which is then
raised above the substrate using scratch-drives [18]; and (iii)
employing self-assembly [19-24]. With all these techniques,
the lowest self-resonant frequency and unloaded Q-factor
can be increased significantly, with almost no change to the
value of inductance.

There are at least three methods of actuation that can be
adopted, during the manufacturing process, to create a
(near-) vertical inductor: (i) plastic deformation magnetic
assembly (PDMA); (ii) tensile stress; and (iii) surface
tension. With PDMA, permalloy (NiFe) strips are electro-
plated onto each hinged flap and an external DC magnetic
field is applied to provide plastic deformation of the
conducting hinges [19].

An example of a self-assembled patch antenna, employ-
ing PDMA, was also reported by the same team [25]. As the
antennas is elevated out-of-plane, the operating frequency
increases considerably, due to the capacitive loading of the
substrate decreasing. Unfortunately, even though the
radiation efficiency can be increased, due to the drop in
energy radiating into the substrate, an extra 5dB in loss
results from absorption RF energy into the permalloy
coating on the patch itself.

With the tensile stress approach, the inductor is patterned
on polysilicon cantilevers, which are released from the
substrate when the silicon oxide sacrificial layer is etched
away [20]. This concept has been taken further by the
Palo Alto Research Center; patterned molybdenum-
chromium strips are sputter deposited with an engineered
built-in stress gradient, so that when they are released
from the substrate they curl up into a self-assembled
solenoid inductor. Q-factors of up to 85 have been
demonstrated at 1GHz on standard CMOS silicon
substrates [21].

The self-assembly approach developed at Imperial
College London exploits the surface tension of solder
hinges, to create the necessary lifting force [22-24]. Figure 2
shows a microphotograph of a three-turn spiral inductor,
self-assembled using surface tension. The inductor, includ-
ing air-bridge, was first fabricated in a similar way to
conventional planar spiral inductors on the surface of the
silicon wafer. The complete structure was then erected by
applying the correct heating profile to melt the solder
hinges.

4 Electromechanical actuation

With RF MEMS components and circuits, there could be
many conflicting requirements that need to be considered
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Fig. 2 Multi-turn spiral inductor, self-assembled using surface
tension [22-24]
Reproduced by permission of G. W. Dahlmann and E. M. Yeatman

early on in the design process. For example:

1. intrinsic RF performance (e.g. insertion loss, isolation
and return losses);

2. actuation mechanism (e.g. electrostatic, piezoelectric,
magnetic and electrothermal);

3. control parameters (e.g. voltage, current, power, residual
energy and speed);

4. fabrication technologies (surface and bulk machining,
wafer bonding and hermetic packaging);

5. layout (e.g. area, topology and topography);

6. packaging (e.g. standardisation and extrinsic parasitics
effect on overall RF performance);

7. subsystems integration (e.g. self-actuation and cost).

While RF MEMS technology can offer unprecedented
levels of intrinsic RF performance, a significant limitation in
any one of the above requirements can mean the success or
failure in its implementation. For this reason, RF MEMS
components and circuits are subjected to very severe
practical trade-offs in their designs [26]. Indeed, while many
initial designs may seem appropriate, it is not until all the
above requirements have been carefully considered that a
much smaller number of candidate solutions remain for
detailed CAD simulation (i.e. using electromagnetic, circuit,
mechanical and thermal simulators).

In practice, once the intrinsic level of RF performance of
the MEMS component or circuit has been decided,
appropriate methods of actuation can be investigated.
Electrostatic actuation is, by far, the most common, as it
can produce small components that are robust and
relatively simple to fabricate. They are also relatively fast
and tolerant to environmental changes. In principle they
consume almost no control power; and only when switching
between states, although some residual energy is required to
hold them in the actuated state. The main disadvantage
with electrostatic actuation is that it is difficult to combine a
low actuation voltage with good switch isolation, because of
small spatial separation distances between electrodes.
Moreover, self-actuation by the RF signal being switched
can be a serious problem.

Piezoelectric actuation is typically based on a bimorph
cantilever or membrane, where a differential contraction
due to the piezoelectric effect causes the structure to bend.
Here, fast actuation speeds can be obtained. Unfortunately,
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there is usually also a differential thermal expansion of
different layers that causes parasitic thermal actuation. In
order to avoid this, the structure has to be designed to be
symmetrical with respect to the thermal characteristics of
the layers. Integrating piezoelectric materials into a MEMS
environment is also very problematic, because films are
difficult to pattern and the processing involves high
crystallisation temperatures.

Both magnetic and electrothermal actuation offer the
advantages of low control voltages and high contact force.
However, unlike their electrostatic and piezoelectric coun-
terparts, they are slow, draw a relatively high current and
dissipate significant levels of power when held in the
actuated state. Also, magnetic actuators tend to be relatively
large and difficult to fabricate, because they require a 3-D
coil with a soft-magnetic core.

5 RF MEMS components

The enabling technologies (i.e. fabrication, RF microma-
chined components and actuation mechanisms) that are
needed to implement RF MEMS components have been
reviewed. However, before practical demonstrators can be
cited, it is important to understand the key requirements for
each component.

5.1 Switches

For the past few decades, RF integrated circuit switching
has been performed by PIN diodes within HMICs and
cold-FETs within RFIC/MMICs. The former can deliver a
superiour RF performance. For example, M/A-COM’s
MA4AGSW1 AlGaAs SPST reflective PIN diode switch
can achieve a measured: ON state insertion loss of less than
0.4 dB, from DC to 50 GHz; OFF state isolation better than
45dB, from 18 to 50 GHz; and input and output return
losses better than 15dB, from DC to 50 GHz. The latter is
the result of the inherent compatibility with active-FET
processing, but the performance is much worse than that
obtained with PIN diodes. With both PIN diodes and cold-
FETs, intermodulation distortion presents serious limita-
tions at higher RF-power levels, however, general PIN
diode performance is still formidable.

Systems’ architectures can be greatly enhanced, in terms
of greater performance and functionality and reduced
complexity and cost, if switch performance can be improved
even further with the use of RF MEMS technology [26, 27].
The RF performance of a switch can be represented by the
following cut-off frequency figure-of-merit:

1
Je 27tR on Coft (1)
where R, is the ON state resistance, effectively representing
the ON state insertion loss, and C,y is the OFF state
capacitance, effectively representing the OFF state isolation

Goldsmith et al. [28] reported RF MEMS switches with
an extracted f.=2THz, back in 1995; which represents at
least a two orders of magnitude improvement over that
attainable with PIN diodes.

There are two generic types of RF MEMS switch: (i) the
ohmic contact (metal-air-metal, MAM); and (i) the
capacitive membrane (metal-insulator-metal, MIM). The
main advantages of the former are that a very low ON state
insertion loss and very high OFF state isolation can be
achieved. The reason for this is that the ohmic contact area
needed for this type of switch can be very small indeed. This
small area therefore creates a small parasitic capacitance
when the electrodes are separated and, thus, good isolation
can be achieved. Unfortunately, ohmic contact switches are
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highly susceptible to corrosion, stiction and microscopic
bonding of the contact electrodes’ metal surfaces. More-
over, considerable force is required to create a good metal-
to-metal contact and this may not be possible under certain
types of actuation.

With the capacitive membrane switch, a trade-off has to
be made; increasing the electrode surface area improves the
ON state insertion loss, but compromises the OFF state
isolation. As a result, electrode separation needs to be
maximised and this may not be possible with certain
actuation mechanisms. The main advantage of the capaci-
tive membrane switch is the longer lifetime. The lifetime of
an ohmic contact switch is typically several orders of
magnitude less than that of a capacitive membrane switch.
Another advantage of the capacitive membrane switch is
that the ON state insertion loss is independent of the
contact force, which relaxes the requirement of the
actuation mechanism.

Nearly all RF MEMS switches are based on an out-of-
plane eclectrostatically actuated suspension bridge- or
cantilever-type, as illustrated in Fig. 3a. The condition of
snap-down (or pull-down or pull-in) occurs when the
electrode separation decreases below two-thirds of the fully
open condition. As a result, it is important to be able to
calculate the approximate actuation voltage, Vs, at which
snap-down occurs. Snap-down occurs at the point where
the electrostatic attractive (downward) force is equal to the
linear restoring (upward) spring force. It can be show, from
simple beam theory (i.e. < W« L) that:

128EF° k), ] —_
N \/_gk—hf; TOL“ or a suspension bridge

- 27e,A 2 Et3 h3

up

27¢,L4

S

for a cantilever

(2)
where k is the effective spring constant /,, is the electrode
separation when the beam is in the ‘up’ position, &, is the
permittivity of vacuum, £ is Young’s modulus for the beam
material, A4 is the pull-down electrode area (~ LW), L is the
beam length, W is the beam width, and ¢ is the beam
thickness.

Clearly, the cantilever offers the important advantage of
a factor of eight reduction in the actuation voltage, when
compared to that required by the suspension bridge. In
practice, decreasing k decreases the actuation voltage but
increases the switching time and, hence, a trade-off exists
between the actuation voltage and speed. A low effective
spring constant also causes an increased sensitivity to
microphonics. Practical considerations set a lower limit to
the actuation voltage, such as self-actuation and stiction.
With a switch designed so that the RF signal is super-
imposed onto the control voltage, self-actuation can occur.

In practice, the actuation voltage for simple suspension
bridge designs is too high for many applications and so
meandering can be introduced to lower the effective spring
constant. Pacheco er al. [29] demonstrated a 9V electro-
statically actuated switch, having a five-meander arm at
each of the four corners of the capacitive membrane bridge.
Here, the capacitance ratio=2.5pF/47fF =43; insertion
loss =0.16 dB at 40 GHz; isolation =26 dB at 40 GHz; and
self-actuation occurs with a mean RF power of 6.6 W. A
microphotograph of a similar switch is shown in Fig. 4, the
corresponding actuation voltage against number of mean-
ders is listed in Table 2.

Failure due to stiction can occur when the stiction force is
greater than the restoring force of the spring in the ‘down’
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Fig. 3 Suspension bridge under electrostatic actuation
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Fig. 4 Capacitive membrane switch, designed and fabricated at
The University of Michigan at Ann Arbor [29]
Reproduced by permission of IEEE

Table 2: The actuation voltage as a function of the number
of Meanders [29]

Number of meanders Designed V; V Measured V, V
1 3.90 35
2 2.75 28
3 2.24 20
4 1.94 15
5 1.74 9

position. It is difficult to predict the stiction force, as this
depends on the surface quality of the electrodes as well as
on the environmental conditions (i.e. humidity and surface
contamination of the electrodes). With low actuation
voltage switches, like the one in Fig. 4, stiction can be a
serious problem. For this reason, reliability and hermetic
packaging issues are now of the highest priority amongst
potential manufacturers [27].

An example of high isolation W-band RF MEMS
switches was reported by Rizk er al. [30], employing
electrostatically actuated capacitive membrane bridge-type
structures. Here, a T-match design resulted in an ON state
insertion loss of <0.9dB and an OFF state isolation of
> 18 dB, across the 75 to 110 GHz frequency range. With a
n-circuit design, an ON state insertion loss of <1.2dB and
an OFF state isolation of >30dB was achieved across the
75 to 110 GHz frequency range.

In addition to electrostatically actuated switches, RF
MEMS technology has been used to implement magneti-
cally actuated and electrothermally actuated switches. With
the former, a micromachined magnetic latching switch has
been demonstrated by Ruan et al. [31] operating from DC
to 20 GHz and with a worst-case insertion loss of 1.25dB
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and an isolation of 46dB. The device is based on
preferential magnetisation of a permalloy cantilever in a
permanent external magnetic field. A short current pulse,
through an integrated coil underneath the cantilever,
achieved switching between two stable states. With an
actuation voltage <5V and resistance relay of ~100mQ,
the switching energy < 100 pJ.

Blondy et al. [32] demonstrated an electrothermally
actuated millimetre-wave RF MEMS switch. The switch
is constructed using a stress-controlled dielectric bridge,
which buckles when heated. Here, resistors are fabricated
into both beam supports. When a 5V bias is applied
to the switch, the resistors heat up and the beam buckles,
thus, closing the switch. The insertion loss has been
estimated to be 0.2dB at 35GHz and the turn ON and
turn OFF times were measured to be 300us and 50 ps,
respectively.

5.2 Variable capacitors

Variable capacitors are invaluable for implementing phase
shifters and providing frequency control of tuners, filters
and antennas. For these applications, maximising the
capacitor’s Q-factor is of paramount importance, for
minimising loss and maximising noise performance. Until
recently, only varactor diodes could provide voltage control
of capacitance. However, while these devices are useful for
frequency agile applications, they can exhibit relatively low
Q-factors, are sensitive to even medium RF power levels
and generally do not exhibit linear frequency tuning
characteristics.

RF MEMS capacitors can overcome some, if not all, of
the disadvantages of varactor diodes, but this is at the
expense of much slower control speeds. In principle, the
switch is a special case of a variable capacitor. As a result,
the variable capacitor is commonly implemented with a
switch-type of design; replacing digital with analogue
control voltages. With an electrostatically actuated switch,
snap-down severely limits the available tuning range,
however, even this problem can be minimised or eliminated
with the use of a passive series feedback capacitance to
remove this instability [33].

An interesting example of how variable capacitors can
be implemented in MEMS technology was reported by
Chiao et al. [34]. With one design, a parallel-plate variable
capacitor was constructed by fixing the lower plate onto the
substrate and a raised platform acted as the upper plate.
Here, two scratch-drive actuators located at opposite sides
of the capacitor either pulled or pushed the support arms of
the platform; hinges translated the lateral movement of the
microactuators into vertical movement, in order to vary the
gap spacing between the two metal plates. With this
approach, a 2 x 2mm? parallel-plate capacitor was realised.
The gap spacing can be varied between 1 and 100 um, in
increments of 20 nm. Preliminary results found a maximum
capacitance of 35 pF and a minimum capacitance of 0.5 pF.
The breakdown voltage was found to be >200V, which is
much greater than that for varactor diodes.

IEE Proc.-Sci. Meas. Technol. Vol. 151, No. 2, March 2004



Another type of surface machined variable capacitor was
also reported by Chiao et al. [34]. Since linearity of tuning
can sometimes be more importance than dynamic range,
circular parallel-plate variable capacitors were realised. The
top plate, which is electrically isolated from the fixed
bottom plate, is physically attached to two circular scratch-
drive actuators. These actuators move in opposite directions
(i.e. either in a clockwise or counter-clockwise direction),
which allows the top plate to rotate by +90°. The gap
between the plates is 2 pm and the overlapping area can be
varied by an amount corresponding to a 0.5° increment in
angular rotation.

Rockwell Science Center demonstrated a bulk machined
electrostatically actuated RF MEMS variable capacitor,
having interdigitated fingers [35]. Here, high aspect ratio
single-crystal silicon was micromachined using 25 um deep
reactive ion etching, as shown in Fig. 5. This capacitor
offers high tuning linearity, a small part count (making it
less prone to failure) and is small in size. At a tuning voltage
of 5.3V, the maximum capacitance was 6 pF, with a 4:1
capacitance-tuning ratio, and the unloaded Q-factor was
265 at 500 MHz [35]. Finally, the development of electro-
thermally actuated RF MEMS variable capacitors was
reported by Feng et al. [36].

5.3 Antennas

Integrating a micromachined antenna with RF MEMS
switches or variable capacitors, to provide some form of
frequency tuning, is not difficult. However, to implement
steerable antennas in true MEMS technology is notoriously
problematic, for at least two important reasons: firstly, if the
radiating elements are detached from the supporting
substrate, it cannot exploit the size reducing attribute of
the dielectric. Secondly, antennas are very sensitive to the
presence of adjacent structures and feed line discontinuities.
As a result, actuation mechanisms can easily interact with
the antenna to distort the desired radiation pattern.

A true RF MEMS reconfigurable Vee antenna has been
reported [37]. This planar antenna can have its far-field
radiation pattern electrically altered using microactuators.
An illustration of the 17.5 GHz antenna is shown in Fig. 6,
employing a three layer polysilicon surface micromachining
process. Here, the arms of the Vee antenna, used to form
the radiating aperture, are moved using linear scratch drive
actuators. The ends of these arms are hinged to anchors.
Lateral movement of the actuators (20 nm per 70 V biasing
pulse) is translated to rotational movement of the arms, by
the use of moveable hinges that are not anchored to the
substrate. Each antenna arm is capable of independent
movement, giving the possibility of far-field radiation beam-
steering and also beam-shaping. The directivity for the

reconfigurable
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antenna was estimated (from measured 3 dB beamwidths)
to be about 38, while cross-polarisation levels of below
20 dB were also reported. With a fixed Vee angle of 75°, the
arms were rotated to 30° and 45° off-boresight, demonstrat-
ing beam steering, as shown in Fig. 6¢. The design was
further enhanced by the use of a true MEMS SPB
impedance tuner [34].

Another example of a true RF MEMS antenna was
reported by Back et al., demonstrating 2-D beam steering
under magnetic actuation [38]. Here, an array of four
60 GHz patch antennas was arranged on a benzocyclobu-
tene (BCB) substrate, having two degrees of freedom with

Fig.5 FElectrostatically actuated bulk-micromachined silicon variable capacitor, designed and fabricated at Rockwell Science Center [35]

Reproduced by permission of IEEE
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the aid of orthogonal BCB torsion bars attached to BCB
frames. A scan angle of +20° was achieved.

6 RF MEMS circuits and subsystems
6.1 Phase shifters

A phase shifter is a control circuit found in many
microwave communication, radar and measurement sys-
tems. Historically, one of the main reasons why conven-
tional MMIC technology came about was because of the
need to miniaturise phase shifters so that they could be
easily integrated into compact phased antenna arrays. In
principle, phase shifters could be placed directly between the
antennas’ radiating elements and their associated T/R
modules, to create a fully distributed 2-D phased array
antenna system. The holy grail of phase shifter designers has
been to realise a 4-bit digital phase shifter having a
sub—1dB worst-case level of insertion loss. The reasons
for attaining such performance would be to relax both a
transmitter’s power amplifier and a receiver’s low noise
amplifier specifications, thus, helping to dramatically reduce
the cost of future front-end microwave subsystems. For
phased array applications, low DC control power and
repeatable batch processing are also important goals.

There are many different topologies that can be used to
implement a digital phase shifter or true time delay network
[3]: switched-line (having one or more cascaded stages of
switched delay lines, with two switches per stage; reflection
topology (having a one or more cascaded directional
couplers, reflection terminations with either lumped- or
distributed-elements and  single-pole  multiple-throw
switches); loaded-line (periodically loaded with capacitive
membrane SPST switches); and switched-filter; (having
cascaded stages of low-pass and high-pass filters that are
switched-in using either two SPDT switches per stage or a
DPDT switch between stages).

The past 5 years have seen a flurry of papers on RF
MEMS digital delay lines. Pillians ef al. [39] reported a 4-bit
monolithic switched-line delay line with microstrip on high-
resistivity silicon. Here, MEMS capacitive membrane
switches were employed, with Con/Copr~100 and an
actuation voltage of 45V. The 5% fractional bandwidth
was due to the extensive use of resonant stubs; however, at
34 GHz the insertion loss was low at 2.5dB and the return
loss was > 15dB. In the past couple of years, a team from
the Rockwell Science Center have demonstrated high
performance DC to 40 GHz 3-bit and 4-bit true time delay
networks, using SPDT switches, on GaAs [40, 41]. Figure 7
shows the measured performance of this state-of-the-art RF
MEMS phase shifter. Most recently, Tan et al. [42]
demonstrated a similar performances with their DC to
20GHz 2-bit and 4-bit true time delay networks, using
SP4T switches, on GaAs.

Malczewski et al. [43] also reported a two-stage 2-bit
reflection-type delay line, with tapped delay line reflection
terminations. The same transmission line medium, substrate
and MEMS switches were used as with the earlier switched-
line example [39]. At X-band, the measured insertion loss
was around 1.5dB, with 60% of this loss being attributed to
the Lange directional couplers.

MEMS distributed loaded-lines have also been reported.
By applying a single bias voltage to either the signal
conductor of the CPW line or the MEMS bridges lying over
this centre conductor, the effective distributed capacitance
of the line can be changed, which in turn changes the phase
velocity and, thus, the associated propagation delay through
the transmission line. Using this principle, Borgioli et al. [44]
reported a 1-bit ultra-wide bandwidth distributed loaded-
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line. Again, MEMS capacitive membrane switches were
employed, with Con/Corrp~7.5 and having an actuation
voltage of 75V. Here, an 8.6 mm long CPW line on a glass
substrate achieved a DC to 35GHz bandwidth, with a
relative phase shift and insertion loss of 270° and 1.7dB,
respectively, at 35 GHz. Because of the variation in the
characteristic impedance of the CPW line, from 66 in the
OFF state to 38 Q in the ON state, the inherent impedance
mismatching creates unwanted ripples in all the frequency
responses. The same team then went on to report a 3-bit
distributed loaded-line using the same transmission line
medium, substrate and MEMS switches [45]. Using the
same topology and almost identical MEMS technology as
UCSB, Hayden and Rebeiz [46] went on to report a 1-bit
X-band distributed loaded-line that achieved a relative
phase shift of 270° at 10 GHz. The OFF and ON state
insertion losses were 0.48 and 0.72dB, respectively. The
same team went on to demonstrate a 2-bit implementation
at X-band [47]. Over the past couple of years, MAM
capacitors have replaced MIM switches; with Kim et al. [48]
demonstrating a 4-bit 40 to 70 GHz implementation and
later Hayden and Rebeiz [49] reported a DC to 37 GHz
version.

For a 4-bit switched-line delay line, a number of relatively
long reference transmission lines are required at microwave
frequencies. The main drawback with conventional mono-
lithic technology is that insertion loss may vary considerably
between states. This limitation can be minimised by utilising
low loss micromachined lines. For example, micromachined
thin-film microstrip could be used and this is ideal for
meandering, thus minimising the size of the circuit. Here,
suitable micromachining techniques need to be developed in
order to provide the low transmission losses and be
integrated with low loss/high isolation SPDT switches.
Moreover, if membrane supported CPW lines are em-
ployed, great care must be made to avoid unwanted
modeing, since insertion phase can be very sensitive to
multi-modeing.

Similar techniques recommended for the switched-line
delay line can also be associated with the reflection-type
delay line; however, a low loss 3 dB quadrature directional
coupler is needed. This would be possible with a micro-
machined multilayer broadside coupler. To date, no
reflection-type digital delay line has been reported that
combines micromachined coupled lines with MEMS
switches.

For a 4-bit implementation of the distributed loaded-line,
line lengths become excessive. Moreover, even meandered
transmission lines would require considerable chip space,
while meandering of loaded-CPW lines is not recom-
mended. Also, the inherently poor return loss performance
may result in unacceptable ripples in the insertion loss,
which are then translated to ripples in the insertion phase,
relative phase shift and group delay frequency responses.
For these reasons, this type of delay line is expected to be
the least likely to meet the demanding electrical specifica-
tions of future high performance applications.

6.2 Impedance tuners and filters
Chiao et al. [34] reported a planar impedance tuner in
coplanar stripline technology, as shown in Fig. 8. Here, a
SPB on top of the planar transmission line forms a
moveable short circuit. It allows for variations in the length
of short circuit transmission line stubs, using scratch-drive
actuators. This idea is an extension of the micromechanical
SPB impedance tuner demonstrated by Lubecke et al. [16].
The most common form of RF MEMS tuning arrange-
ment is to employ either surface micromachined switches or
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variable capacitors. Kim e al. [S0] and Papapolymerou et al.
[51] have demonstrated a range of different RF MEMS
tuners using such methods. Bulk machined RF MEMS
variable capacitors have also been employed in high-Q
micromachined [—C tank circuits (intended for on-chip
voltage-controlled oscillators) [52], and hybrid assembled
filter circuits [35].

Like phase shifters, filters having <1dB pass-band
insertion loss can replace SAW filters in GPS and mobile
phone handsets. Low loss RF MEMS filters could enable
the LNA to be placed after the filter and, thus, avoid
any saturation due to out-of-band noise contributions. Kim
et al. [53] demonstrated two-pole lumped-element and
distributed-clement tuneable band pass filters, centred at
26 GHz and 30GHz, respectively. Here, surface micro-
machined cantilever-type variable capacitors were em-
ployed, having electrode separations 6 um down to 4um
under electrostatic actuation. The minimum levels of pass
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band insertion loss were 4.9 dB and 3.8 dB, respectively. The
same team then went on to report similar techniques at
50GHz and 65 GHz [54]. The 65 GHz filter had a tuning
bandwidth of 10% and an insertion loss of 3.3dB.

An interesting distributed-element RF MEMS filter
was simulated by Mercier et al. [55]; tuneable resonators
can be formed by sections of CPW line that are periodically
loaded with electrostatically actuated bridge-type variable
capacitors. A two-pole filter was simulated at 39 GHz
using this technique. With the electrode separation varying
from 1.8 um down to 1.2 um, the center frequency could be
tuned from 40.4 GHz down to 37.8 GHz. Fourn et al. [56]
then went on to demonstrate another distributed-element
RF MEMS filter; cantilever-type capacitive membrane
switches were incorporated into the open circuit ends of
interdigital CPW resonators. By switching-in an extra
section of line, the physical and electrical lengths of the
resonators increase, thus, reducing the pass band
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frequency response from 21 GHz down to 19 GHz, with an
actuation voltage of 65V. Having a fused silica substrate,
the insertion loss was 4dB and the return loss was better
than 12dB.

6.3 Signal routing

Signal routing can take many forms; for example, switching
between two single-ended HEMT amplifiers, designed to
have a different power gain, in order to avoid the drop in
power-added efficiency that would occur if digital attenua-
tors were used [57]. In RF subsystems, low loss and high
isolation signal routing is very important. When implement-
ing transmitter PA or receiver LNA redundancy subsys-
tems, low loss switching is required to minimise degradation
in power-added efficiency and noise performance, respec-
tively. This is also the case when implementing T/R switches
within T/R modules and switched-diversity sectorised
antennas [58], where very high isolation is also important.

7 Discussion and Conclusions

With the relentless advances in enabling technologies, the
RF MEMS foundry services offered to designers will
continue to expand. Already, MEMS technology has
demonstrated its superiour RF performance over conven-
tional approaches; a raft of new components and circuits
has been demonstrated. However, the difficulty in matching
the future needs of the RF component designer with the
limitations of commercial MEMS foundry processes should
not be underestimated. Moreover, there are inherent
problems associated with RF MEMS technology. For
example, at low microwave frequencies, resonant structures
are relatively large and so they can be difficult to move
under electromechanical actuation. Also, at millimetre-wave
frequencies, resonant structures are relatively small and so
the physical discontinuities presented by electromechanical
actuators can result in unwanted modeing effects. This goes
some way to explain why true RF MEMS antennas have
been difficult to implement and why variable inductors have
yet to be demonstrated.

There is no overall economic gain in replacing conven-
tional devices with RF MEMS components, however, there
may be cost benefits from new architectures that have been
enabled with RF MEMS components. At present, mainly
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within industry, there is intense activity in the areas of RF
microsystems reliability and hermetic packaging. The
reason for this is that the manufacturing industry is now
convinced that RF MEMS technology offers considerable
advantages over conventional solutions, even though
commercially viable hermetic packaging technologies are
only just now being reported [32, 59]. For this reason, it
may be a little while longer for RF MEMS technology to be
employed in ubiquitous integrated systems.

From the industry’s perspective, overall cost is the most
important driver, ahead of performance. As a result, it is
likely that the switch will continue to be the most important
RF MEMS component, with future work investigating its
enhanced functionality (e.g. with multiple-pole multiple-
throw topologies), subsystem integration (e.g. in signal
routing applications) and volume production (e.g. 0.1 to 10
billion switching cycle reliability, hermetic packaging and
low cost). The focus of RF MEMS circuits is beginning to
change. Digital phase shifters are generally receiving less
attention, because they are employed within more specialist
applications. However, high-Q tuneable filters are receiving
greater attention due to their ubiquitous role in wireless
systems. In principle, the air-filled metal-pipe rectangular
waveguide can achieve very low transmission losses,
making superconducting technologies unnecessary in
some applications. If this 3-D guided-wave transmission
line can be combined with RF MEMS tuning then a major
breakthrough could be achieved in millimetre-wave filter
technology. Unfortunately, such technological break-
throughs are unlikely to be demonstrated in the short term
and may never become economically viable in the medium-
to-long term.
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