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Abstract Since its first discussions in literature during
late ‘90 s, RF-MEMS technology (i.e. Radio Frequency
MicroElectroMechanical-Systems) has been showing
uncommon potential in the realisation of high performance
and widely reconfigurable RF passives for radio and tel-
ecommunication systems. Nonetheless, against the most
confident forecasts for successful exploitation of RF-
MEMS technology in mass-market applications, with the
mobile phone segment first in line, already commencing
from the earliest years of the 2000s, first design wins for
MEMS-based RF passives have started to be announced
just recently. This paper tries to depict and interpret the
substantial circumstances that made RF-MEMS technol-
ogy fail repeatedly, for about one decade, market forecasts.
With the graphical support of the hype cycle concept, it
will be shown that missed success of RE-MEMS was first
caused by intrinsic (i.e. technology-related) factors. Sub-
sequently, extrinsic elements linked to market acceptance
and needs of such a technology, not fully weighted since
the beginning, caused the second wave of disappointment
around RF-MEMS. Quite unexpectedly, the context has
changed rather significantly in recent years. The smart-
phones market segment started to generate a factual need
for highly reconfigurable and high performance RF passive
networks, and this circumstance is increasing the momen-
tum of RF-MEMS technology that was expected about
one decade ago. This work frames the current state of RF-
MEMS market exploitation, also providing highlights on
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further expansion in mobile and telecommunication sys-
tems. Eventually, a focused state of the art report is devel-
oped around recent RF-MEMS research findings driven by
requirements imposed by current market applications.

1 Introduction

Radio Frequency MicroElectroMechanical-Systems are
widely known and referred to as RF-MEMS. They are
Microsystem-based (i.e. MEMS-based) lumped passive
components, realising functions of various complexity,
meant to condition and/or redirect one or more Radio Fre-
quency (RF) signal(s) within circuits and sub-systems of
wireless transceivers (transmitters/receivers). Since their
first upsurges in literature contributions during the second
half of the ‘90 s, RF-MEMS were indicated as a key ena-
bling technology able to target both very high performance
and low manufacturing cost, with respect to counterpart RF
passives implemented in standard semiconductor solutions
(Brown 1998; Katehi et al. 1998).

In RE-MEMS, the ability to reconfigure the conditioning
function operated on RF signals is always ensured by the
physical movement and mechanical deformation of micro-
membranes, i.e. the fundamental characteristic of MEMS-
based sensors and actuators (Liu 2011). Given this context,
whatever is the complexity of the conditioning function
operated by a network in RF-MEMS technology, the basic
element is constituted by the switch (or relay). Like in tra-
ditional electromechanical relays, RF-MEMS switches
feature a metallic (or more in general conductive) flexible
membrane that, when suitably deformed, closes the electric
contact between the input and output terminations, thus let-
ting the RF signal pass through the relay and changing its
state from open to closed (Iannacci 2013a). On the other
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hand, differently from classic devices, RE-MEMS switches
are highly miniaturised, and the in-plane dimensions can be
as compact as a few tens of pm, with thicknesses (out-of-
plane dimension) of just a few um (or starting from 50 to
100 pm also considering the Silicon substrate). The most
common actuation strategy to control the displacement of
the movable contact, and therefore to drive the transition of
state between open and closed, is the electrostatic attrac-
tion. A voltage (i.e. bias) is imposed across the floating
part and a fixed counter-electrode, and the attractive force
brings the first one in physical contact with the input and
output branches, thus shorting them and closing the relay
(Liu 2011). Nonetheless, apart from electrostatic force,
other actuation mechanisms are possible, like thermoelec-
tric, piezoelectric and electromagnetic (Iannacci 2013b).
Moreover, depending on the particular deployment and
configuration of input/output electrodes, the switch can be
ohmic or capacitive, as well as series or shunt (Iannacci
2013b), thus providing to the designer various degrees of
freedom (DOFs) and covering a wide range of performance
and characteristics.

In substance, starting from basic reconfigurable ele-
ments, i.e. ohmic (Patel and Rebeiz 2010; Shalaby et al.
2009) and capacitive (Mahameed and Rebeiz 2010;
Thakur et al. 2009; Martinez et al. 2007) micro-relays
with superior characteristics in terms of high isolation,
wide frequency range, low insertion loss, pronounced lin-
earity and nearly-zero power consumption, their proper
duplication and interconnection enables the realisation of
high performance and widely reconfigurable RF-MEMS
passive networks (Iannacci 2013a). Thereafter, switching
units ranging from single pole double throws (SPDTs)
(Uno et al. 2009) to more complex single pole multiple
throws (SPMTs) and switching matrices were success-
fully demonstrated in literature (Gong et al. 2011; Stehle
et al. 2009). Reconfigurable RF power attenuators (Ian-
nacci et al. 2010) and splitter/couplers (Nishino et al.
2009; Ocera et al. 2007) can also be entirely implemented
in RF-MEMS technology, as well as impedance matching
tuners covering significant portions of the Smith chart and
realising a wide number of different states (Iannacci et al.
2011a; Lu et al. 2005a; Domingue et al. 2010; Larcher
et al. 2009). Furthermore, RF-MEMS technology was
proven to be a key enabling solution also in the realisa-
tion of reconfigurable phase shifters (Reinke et al. 2011,
Vorobyov et al. 2011) and true time delay (TTD) lines (De
Angelis et al. 2008; Van Caekenberghe and Vaha-Heikkila
2008) for electronic antenna steering and radar systems, as
well as in the micro-fabrication of tunable filters (Varadan
2002) for various RF applications (Entesari et al. 2007; Gil
et al. 2007; Reines et al. 2010).

The availability of such a wide variety of RF passives
with remarkable characteristics nurtured the research and
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scientific community in developing visions and strategies
about capillary market exploitations of RE-MEMS technol-
ogy in modern wireless components and systems. To this
regard, the contribution provided by Nguyen, with spe-
cific focus on MEMS resonators with very high Q-factor
(quality factor), is certainly relevant (Nguyen 2001, 2002).
According to his vision, RF passives based on MEMS tech-
nology were bearing the potential for a twofold impact on
radio transceivers. First, lumped RF-MEMS devices, like
switches, resonators and variable capacitors (or varactors)
could have replaced their standard counterparts in RF cir-
cuits, leading to better performance of wireless devices
(Nguyen 2002, 2006). On the other hand, realisation of RF-
MEMS complex reconfigurable networks, like switching
units, tunable filters, reconfigurable LC-tanks and so on,
was supposed to make rethink the architecture of transceiv-
ers. This would had enabled not only better performance,
but also wide reconfigurability of the same platform,
extending services and compliance with different stand-
ards, as well as reducing hardware redundancy and power
consumption (Nguyen 1998, 2006, 2007, 2013).

Despite all these remarkable characteristics that boosted
high expectations concerning the impact on commer-
cial applications, the first RF-MEMS design wins were
announced just in the last few years, with a delay of about
one decade with respect to the market revolution predicted
in the first years of the 2000s. This happened because rather
critical aspects concerned to RF-MEMS were not fully esti-
mated in the beginning. This contribution will try to isolate
and describe those factors, providing also a brief overview
of current state of the art in the research and market fields.

The paper is arranged as follows. Section 2 analyses
the history of market expectations and forecasts for RF-
MEMS, highlighting the causes of their disappointment,
as well as the recent encouraging trends enabled by the
smartphones market segment. Section 3 reports a state of
the art on recent research findings related to RF-MEMS
devices, mainly driven by current market applications
requirements. Finally, Sect. 4 summarises some conclusive
considerations.

2 Market analysis of RF-MEMS: past and present

In order to better understand the trends followed by RF-
MEMS since their appearance in the scientific commu-
nity, the concept of hype curve has to be introduced. Such
graphic tool was elaborated by Gartner Inc., an information
technology research and advisory company, and depicts
the typical acceptance cycle of a new technology, from its
first development to the employment in market applica-
tions (Gartner 2015). The typical trend of the hype curve is
shown in Fig. 1.
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Fig.1 Typical behaviour of the hype curve, describing the evolu-
tion of a novel technology versus time, since its first investigation at
research level, to the maturation and employment in the market and in
commercial applications

When a novel technology starts to be intensively investi-
gated at research level and its remarkable performance and
characteristics are demonstrated (1—7echnology Trigger),
its visibility increases, and together with it, expectations of
market placement and outcomes do (2—Peak of Inflated
Expectations). Nevertheless, when research commences
approaching real application cases and scenarios, the
aspects of the new technology that were not so relevant for
demonstration purposes, but that are critical for the mar-
ket, start to emerge. Among them, the most important are
typically limited in number, and very often the same, i.e.
integration/compatibility with other existing technologies,
reliability and manufacturing cost. This context causes
blown up expectation to drop down (3—Trough of Disil-
lusionment). However, such a scenario provides also scien-
tific and industrial community with proper motivation do
address and overcome the limitations of the new technol-
ogy against real application scenarios (4—Slope of Enlight-
enment). Finally, when the technology is mature enough, it
starts to be steadily employed and available on the market,
leading to the final stage of the hype curve (5—Plateau of
Productivity). The whole hype cycle has different duration
depending on several factors, like, for instance, technology
complexity, market’s acceptance and needs, and so on. In
any case, the time unit on the horizontal axis in the plot of
Fig. 1 is typically the one of years.

Looking at the specific case of RF-MEMS, the evo-
lution of the technology and of expectations linked to it
seem to have followed a path more articulated if com-
pared to the one depicted in Fig. 1 and discussed above.
This can be inferred after observing the prediction of mar-
ket forecasts and technology intelligence reports released
through years, with specific focus on the expected
impact of RF-MEMS technology in the mass produc-
tion of mobile handsets. In the first RF-MEMS analyses,

Visibility/
Expectations
N

2003-2004

2010

>

2006-2007 Time

Fig. 2 Behaviour of the hype curve of RF-MEMS technology based
upon the market forecasts published through the last decade and the
fluctuating expectations for mass-market outcomes

released in 2004-2005, the market volume was expected
to reach from 700 $M (Millions of US Dollars) to 1 $B
(Billions of US Dollars) in 2009 (Bouchaud and Wicht
2005). Nonetheless, stepping forth in time, WTC in 2006
predicted a downsized market volume of RF-MEMS for
mobile applications of around 10 $M in 2009 and 70 $M
in 2011 (Bouchaud and Knoblich 2007). Later, in August
2010, IHS Inc. consolidated the RF-MEMS market figure
to a few $M in 2009, and predicted a volume of 225 $M
in 2014 (MEMS Journal 2010). However, still IHS Inc.
in 2012 shrunk down the forecast for 2014 market to less
than 100 $M (McGrath 2012). Again, in 2013 Yole Devel-
oppement estimated a market volume for RF-MEMS of
around 50 $M in 2014 and of less than 350 $M in 2018
(DeLisle 2014).

By summarising all the just mentioned forecasts and
projections, and providing them with a graphical arrange-
ment, the hype curve of RF-MEMS technology, since
its introduction to recent years, would exhibit a peculiar
behaviour like the one reported in Fig. 2.

It seems that evolution of RF-MEMS experienced two
peaks of inflated expectations delayed through time. Pro-
viding a straightforward and unique explanation motivat-
ing such fluctuations is not a simple task. Nonetheless, by
analysing scientific literature, reports and articles, it is pos-
sible to build up a reasonable interpretation of RE-MEMS
blessings and straits. The double peak of inflated expecta-
tions and trough of disillusionment can be attributed to two
sets of reasons and issues, the first one (around 2004) being
predominantly linked to RF-MEMS technology intrinsic

factors, while the second one (around 2010) being gener-

ated by extrinsic circumstances, i.e. not directly linked to
the technology itself, but rather driven by market needs and
acceptance.
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Concerning RF-MEMS technology-related intrinsic fac-
tors, the fall of expectations after 2003 can be attributed to
three main key elements: (1) reliability, (2) packaging and
(3) integration. Right after demonstration of the remarkable
performance of RF passives enabled by MEMS technology
if compared to standard semiconductor solutions, like high
quality factor (Q-factor), wide tunability, low loss, high iso-
lation and good linearity, reliability of RF-MEMS started
to emerge as a major issue. Given their coupled electrome-
chanical behaviour, MEMS are exposed to a wide range
of malfunctioning and failure mechanisms (reversible and
irreversible) that are common in material and mechanical
engineering, but rather unknown in the community of elec-
tronic and RF engineers. Among them, the most important
are fatigue, creep, plastic deformation, corrosion, fracture,
stiction and micro-welding (Iannacci 2015). This clearly
demonstrated that RF-MEMS technology was demanding
for significant further development before being adoptable
in market applications (DeNatale and Mihailovich 2003;
Lisec et al. 2004; Melle et al. 2003; Rizk et al. 2002). Also
importantly, it must be highlighted that significant work has
been carried out at research and development level, in order
to address one or more of such failure mechanisms, and to
improve, in turn, lifetime, operability and performance sta-
bility of RE-MEMS devices. To this concern, Table 1 sum-
marises some relevant solutions, proposed and discussed in
literature, to improve robustness against specific reliability
issues (also listed in the table).

Somehow related to reliability, also the issue of packag-
ing and encapsulation caused the initial enthusiasm around
RF-MEMS to be reshaped downward. As MEMS devices
are composed by movable micro-membranes, they are very
fragile and exposed to harmful environmental factors, like
mechanical shocks, moisture, dust particles and contami-
nants. Therefore, MEMS need to be properly isolated from
the surrounding environment by being housed within a
protective (possibly hermetic or semi-hermetic) cap (Jour-
dain et al. 2003; Park et al. 2002, 2003). In the case of RF-
MEMS, application of a package increases, on one side, the
complexity of technology and the manufacturing cost, the
latter one being estimated to be as high as 80 % of the final
product price (Cohn et al. 2002). On the other hand, pres-
ence of a protective cap puts in jeopardy the outstanding
RF performance of MEMS-based passives, and therefore
must be carefully designed and counted in as actual part of
the device, thus making the design and modelling phases
more challenging (Iannacci 2013a, b; Iannacci et al. 2006,
2008; Margomenos and Katehi 2002, 2003).

Finally yet importantly, MEMS technology is typically
incompatible with standard semiconductor platforms (e.g.
CMOS). Therefore, RF-MEMS in-package passive com-
ponents need to be integrated with active electronics, e.g.
through surface mount technologies (SMTs), and ad hoc
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circuitry must be developed and deployed, as well, in order
to operate them, rising, also in this case, complexity and
costs (De Silva and Hughes 2003; Lu et al. 2005b; Pacheco
et al. 2004; Th Rijks et al. 2003; Zhang et al. 2006; Ziegler
et al. 2005). In light of all the just listed additional chal-
lenges to be faced before getting RF-MEMS technology
ready for market, the set of reasons causing the first drop of
expectations in Fig. 2 is sufficiently clear. Once the scien-
tific community gained consciousness around these issues,
plenty of effort was spent after them, thus reducing signifi-
cantly the gap of RF-MEMS in terms of reliability, encap-
sulation and integration/compatibility with standard semi-
conductor active technologies, and boosting, as a result,
expectations and optimism at market level for the following
years (see Fig. 2). Nevertheless and unfortunately, struggle
for RE-MEMS was not over, yet, when technology gained
maturity, towards the end of the first decade of 2000s.

As mentioned above, the second trough of disillu-
sionment of RF-MEMS can be mainly attributed to fac-
tors extrinsic to technology (i.e. market related). In 2001,
Nguyen provided an inspiring overview on how RF-MEMS
technology could have been exploited during the upcoming
(at that time) years in the mobile handsets market (Nguyen
2001). To this regard, the super-heterodyne transmitter/
receiver (transceiver) architecture was taken as reference.
The first commercial exploitation of RF-MEMS technol-
ogy, according to his forecast, was supposed to be the
replacement of low-complexity elements (e.g. switches and
LC-tanks) in standard technology, with their Microsystem-
based counterparts, as reported in Fig. 3.

The remarkable characteristics of RF-MEMS compo-
nents, like low loss, high Q-factor, etc., were expected to
improve the performance of the whole receiver. There-
after, Nguyen elaborated a more visionary and extensive
exploitation of RF-MEMS technology, as well. In this case,
the architecture of the entire receiver was supposed to be
rethought based on RF-MEMS, as shown in Fig. 4.

High-complexity RF-MEMS blocks were supposed to
replace entire portions of the receiver, as clearly appears
confronting Figs. 3 and 4, thus reducing hardware redun-
dancy and need for amplification stages, in light of very
low losses enabled by Microsystem-based elements. This
sort of revolution was envisaged not only to boost the
performance of the entire receiver, but also to extend sig-
nificantly its reconfigurability, making the same hardware
operable according to different and diverse telecommunica-
tion standards and services (e.g. GSM, WLAN, and so on).

Despite the enlightenment of Nguyen’s vision, market’s
needs, and especially the constraints it imposes, impaired
its turning into reality. Since their wide diffusion in the sec-
ond half of the ‘90 s, mobile phones used to work pretty
well. The perspective of replacing small transceiver blocks
with more expensive RF-MEMS devices (see Fig. 3), also
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Fig. 3 Block diagram of the super-heterodyne radio receiver, as reported by Nguyen (2001). The starred and coloured blocks can be realised
with passive components based on RF-MEMS technology, thus improving the performance and characteristics of the whole system

N (&q' Channel selector *
(\‘é\ o‘e’o -
i o~ X ADC | |
0 ~o— o\
* e Mixer-filter * o~
Switch LNA IF amp
e K LJ
o = % {>— % D— — 90°
~_
o Reconfigurable %—’ ADC | Q
oscillator
1Q —Reso

Fig. 4 Block diagram of the super-heterodyne radio receiver, based
on a modified architecture that features complex blocks entirely based
on RF-MEMS technology (starred and coloured), namely, a multi-

rising problems at integration level, just to improve a lit-
tle the performance of handsets, could not be successful
according to market philosophy and drivers. This caused
the second trough of disillusionment in Fig. 2 that com-
menced to be interpreted also as the possible final defeat of
RF-MEMS technology in the mass-market arena.

Surprisingly enough, recent development of the large
market of smartphones seems to be nurturing once again
hope for successful commercial exploitations of RF-
MEMS technology. Since the widespread diffusion of
mobile phones in mid-‘90 s, voice signal quality has been
experiencing a degradation trend, hopping from one gen-
eration to the next one (i.e. GSM, 2.5G, and so on). This is
clearly stated by Allan (2013) and depicted in Fig. 5.

The increasing use of cellular communications, the
introduction of full-screen devices (with touch technology)
and the integration of antenna inside the handset, have been
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*

osc —nator

channel selector, a reconfigurable oscillator, and a mixer-filter, as
reported by Nguyen (2001)

determining the trend in Fig. 5. Moreover, as smartphones
become smaller and thinner, it is difficult to integrate
proper circuitry to boost performance, counteract dropped

A Theoretical performance
>
= Actual performance
S 2.5G
=3 GSM
<
) 3G 4G
k3
@ -~
c S=ao
5 LTE, LTE-A
o L 1 1 L 1 A
1996 2000 2004 2008 2012 2016 Time

Fig. 5 Decreasing trend in communication quality stepping from
one generation to another, as hopping from early mobile handsets in
late’90 s to modern smartphones (Allan 2013)
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calls and improve voice quality. It is estimated that the
ratio of theoretical versus actual RF signal quality has been
decreasing with a pace of about 1 dB per year for over a
decade (Allan 2013). Because of all these factors, antennas
of most today’s smartphones do not work efficiently, lead-
ing to slower download speeds, reduced quality of voice,
lower energy efficiency and more dropped calls (Jacobs
School of Engineering 2014). Given such a scenario, the
characteristics of high performance and wide reconfigur-
ability belonging to RF-MEMS are now very attractive
for commercial applications. Nonetheless, having in mind
the history of MEMS technology for RF passives in the
last 10—15 years as described above, one could reasonably
be sceptical and wonder if this is simply another evanes-
cent peak of expectation that soon will reverse its momen-
tum. To this regard, it should be kept in mind that there is
a substantial change in the smartphones market of today
if compared to the early days of RF-MEMS. While in the
first years of the 2000s, despite the soundness of the vision
reported in Figs. 3 and 4, there was not a factual need for
RF passives with better performance, on the other hand,
nowadays the availability of such components can make the
difference. In other words, if the early approach to the com-
mercial exploitation of RF-MEMS was mainly technology
push based, today it is turning into market driven scenario
(Martin 1994). Very likely, such a metamorphosis of the
surrounding context already commenced to draw the line
between the lacking and the successful affirmation of RF-
MEMS technology in mass-market applications.

One of the first needs to be addressed, as suggested
by the decreasing trend in Fig. 5, is to improve the qual-
ity of connection in modern smartphones. As stated above,
demands for compact and within-device integrated anten-
nas has decreased their efficiency and made them more
sensitive to interaction with external items, like the head of
the speaker or the hand holding the handset. Therefore, a
fixed impedance matching between the antenna and the RF
front-end is not anymore an optimal solution, as the char-
acteristic impedance of the transmitting/receiving aerial
undergoes slight changes. Availability of high performance
reconfigurable impedance matching tuners started to be
desirable, and RF-MEMS is demonstrating to be the proper
technology solution to realize such complex devices. To
this regard, in 2012 the information about the presence
of RF-MEMS-based adaptable impedance tuners manu-
factured by WiSpry Inc. (http://wispry.com) within Sam-
sung’s Focus Flash Windows smartphone was announced
(IHS iSuppli 2012). More recently, in fall 2014, Cavendish
Kinetics B.V. (http://cavendish-kinetics.com) announced
the commercial adoption of their RF-MEMS-based SmarT-
une™ antenna tuning solution in the Nubia Z7 smartphone,
manufactured by the Chinese ZTE Corporation (Caven-
dish Kinetics 2014). Few months later, Cavendish Kinetics

went public with the information that SmarTune products
were adopted in five different Chinese smartphone mod-
els, promising signal enhancement of 2-3 dB, resulting
in boosted data rates (up to 2x) and improved battery life
(up to 40 %) (Cavendish Kinetics 2015a). To demonstrate
that it is not just a flash in the pan, ZTE Corporation is now
investing on innovative RE-MEMS-based dual antenna tun-
ing (Cavendish Kinetics 2015b), while DelfMEMS (http://
delfmems.com) with its FreeFlex™ RF-MEMS technology
is nearly ready to deliver commercial low-cost and reliable
solutions for modern handsets (DelfMEMS 2015).

In conclusion, signals suggesting a robust market
acceptance of RF-MEMS technology have been growing
stronger in very recent years, finally suggesting concrete
exploitation perspectives for Microsystem-based RF pas-
sives. Coming back for a moment to the vision of Nguyen
(2001), previously discussed in Figs. 3 and 4, it seems that
it is somehow taking place, despite according to a reversal
development. The first market exploitation of RF-MEMS
technology is related to complex reconfigurable networks
(i.e. impedance tuners at first), that was supposed to be
phase two of Microsystem RF components (see Fig. 4).
Spreading of such networks is increasing the demand for
high-performance, reliable and low-cost basic RF-MEMS
components (mainly switches and tunable capacitors), thus
pushing advanced research and engineering of such build-
ing blocks, as well.

3 Current state of research in RF-MEMS
technology

As briefly discussed in Sect. 1, in early years of RF-MEMS
the research followed rather scattered and diverse direc-
tions, basically all combined by the urge to demonstrate
the remarkable performance and reconfigurability achiev-
able with Microsystems with respect to RF passives real-
ised in standard semiconductor technologies. Nowadays the
scenario has significantly changed. In light of the evolution
described in Sect. 2, research on RF-MEMS technology is
now focused around a reduced set of topics, if compared to
years ago, and is more specialised on aspects that are cru-
cial for product commercialisation. Among them, reliability
and integration play an important role, as well as targeting
of performance figures that are imposed by specific appli-
cations, rather than being general purpose, like frequently
happened in the past. Having outlined such a scenario, the
target of this section is to provide a brief state of the art
report on recent research activities related to RF-MEMS,
highlighting topics and issues to be solved that are attrac-
tive today.

Starting from basic RE-MEMS switching devices (i.e.
the building blocks of more complex networks), current

@ Springer


http://wispry.com
http://cavendish-kinetics.com
http://delfmems.com
http://delfmems.com

2046

Microsyst Technol (2015) 21:2039-2052

Fig. 6 Schematic of the circular
and compact SP7T RF-MEMS-
based design concept proposed
in Yang et al. (2015a). The
suspended circular slices are
anchored both externally and

in the centre to a common post.

Depending on which slice is RF Out 1
actuated, the RF input signal
can be driven to any of the 7
outputs
RF In

Suspended
membrane

research aims at very compact relays, with improved per-
formance in terms of reliability, stability versus time and
cycling, power handing and robustness. To this regard, a
significant contribution is reported in Yang et al. (2015a),
where a circular and compact design of SPMT ohmic RF-
MEMS device is proposed. The SPMT is shown in two dif-
ferent configurations, i.e. with 7 and 11 output lines (SP7T
and SP11T, respectively). The schematic of the SP7T is
depicted in Fig. 6.

The design concept is based on a circular arrangement
of sliced suspended metal membranes that are anchored
both on the outer ends, as well as centrally to the post that
is common to all the clamped—clamped MEMS switches.
Each membrane can be independently actuated (electro-
static actuation by means of a fixed bottom electrode not
visible in Fig. 6), thus establishing ohmic contact with
the RF line termination placed below it. Depending on
which membrane is actuated, the RF input signal can flow
toward any of the 7 outputs. The whole switching unit is
rather compact (0.61 mm x 0.61 mm) and presents con-
tact forces as high as 0.3-0.4 mN. This enables insertion
loss in the 0.3-1.7 dB range, from 0.1 to 10 GHz. On the
other hand, isolation ranges between 50 and 17 dB in the
same frequency span. Reliability in terms of cycling (cold
switching condition) showed that it is possible to reach
more than 10® cycles with both SP7T and SP11T con-
figurations, with power levels in the 0.1-1 W range. Fur-
thermore, the particular shape in Fig. 6 enables improved
robustness of the switch against residual stress and stress
gradient effects (Yang et al. 2015a). Other recent and sig-
nificant contributions of high-order switching solutions
based on RF-MEMS are discussed in literature, as well.

@ Springer

Anchor

RF Out 2

RF Out 3

Mechanical
suspension

"\ RFOut4
b

'\ RFOut5

Ohmic
contact

.

RF Out7 RF Out 6

For instance, the work discussed in (Diaferia et al. 2014,
Lucibello et al. 2015) encompasses the realisation of a
12 x 12 switch matrix that integrates SPDTs in RF-MEMS
technology with low temperature co-fired ceramic (LTCC)
hermetic package for satellite applications, leading to high-
performance and reduced weight, if compared to standard
technology solutions. Another design solution, despite not
verified yet with physical samples, is discussed in Ilkhechi
et al. (2015). Such a solution exploits a rotary circular elec-
trostatically actuated structure to redistribute RF signals
among the available terminations. It promises below —1 dB
insertion loss up to 90 GHz, driving voltages around 50 V,
and switching time in the order of 100 ps. Differently, a
robust design concept of capacitive switch with remarkable
power handling performance and insensitiveness to stress
gradients is discussed in Yang et al. (2015b) and is shown
schematically in Fig. 7.

The switch is composed by four square-like cantilevers
that are kept suspended by means of a surrounding beam
fixed to a mechanical anchoring point in the external edge
(see Fig. 7). The four cantilevers are then joined together
by means of a central patch. The whole mechanical struc-
ture is suspended above a fixed electrode, whose footprint
is sketched in figure (dashed line). The capacitive switch
is actuated electrostatically and when pulled-in, minimum
air gap of 0.3 pum is ensured by the presence of dimples,
not shown in the schematic in Fig. 7. All these features
make the switch concept particularly robust against non-
idealities, like stress gradient and stiction. The capacitive
relay exhibits remarkable power handling characteristics, it
being able to withstand 12 W RF signal in hot switching
conditions (Yang et al. 2015b). Reliability and stability of
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Fig. 7 Schematic of the RF-MEMS capacitive switch discussed in
details in Yang et al. (2015b). The four square-like cantilevers with
surrounding mechanical suspensions and the central joint boost
insensitiveness of the membrane to stress gradients effects. The foot-
print of the fixed electrode placed below the suspended membrane is
sketched (dashed line)

operation are crucial requirements for RE-MEMS. To this
regard, numerous measures are employed at design and
material/technology level in order to make devices more
robust against malfunctioning and failure modes, as dis-
cussed in the previous examples. All these solutions can be
classified as passive measures, as they are meant to reduce
as much as possible the likelihood of failure. In addition,
the literature reports some examples of active measures to
counteract RF-MEMS malfunctioning, as well. This is the
case of MEMS devices provided with mechanisms that can
be activated only when failure occurs, in order to restore
normal device functionality. The work reported in Ian-
nacci et al. (2011a), Tazzoli et al. (2011) and Kuenzig et al.
(2012, 2014) discusses the design concept of RF-MEMS
ohmic switches in cantilever and clamped—clamped mem-
brane configuration, respectively, with an active restor-
ing mechanism to counteract stiction induced by charge
accumulation and/or micro-welding. The layout of both
switches is schematically depicted in Fig. 8. In particular,
Fig. 8a, b refer to the cantilevered ohmic switch configu-
ration (Iannacci et al. 2011b; Tazzoli et al. 2011), while
Fig. 8c, d to the clamped—clamped ohmic switch device
(Kuenzig et al. 2012, 2014).

The active mechanism consists of high-resistivity ser-
pentine-like conductive lines, embedded underneath the
anchoring area of the MEMS suspended membrane. This
is visible for the cantilever (Fig. 8a) and clamped—clamped
switch (Fig. 8c), in Fig. 8b, d, respectively, where the
above-Silicon MEMS structure is hidden in order to allow

Heater pads

a

MEMS switch

Biasing electrode

In/Out contacts

Heater pads

Heater

Fig. 8 Schematic views of RF-MEMS ohmic switches provided with
active restoring mechanism. a Cantilevered switch discussed in Ian-
nacci et al. (2011b) and Tazzoli et al. (2011); b view of the buried
serpentine-like micro-heater; ¢ clamped—clamped switch discussed
in Kuenzig et al. (2012, 2014); d view of the buried serpentine-like
micro-heaters

the view of the buried serpentine. When stiction occurs,
i.e. the switch does not recover its rest position, because
of accumulated charge or of joints formed in the metal-to-
metal contacts (micro-welding), an electric current is driven
through the serpentine. Because of its resistance, the mean-
dered conductive path behaves as a micro-heater. Increase
of temperatures leads, on one side, to faster dispersion of
charges entrapped in the dielectric layer. On the other hand,
heating of the metal MEMS membrane causes its physi-
cal expansion that induces shear forces on the ohmic con-
tacts, thus helping break welded joints and recover device
operability. In (Iannacci et al. 2011b; Tazzoli et al. 2011)
micro-welding stiction is intentionally induced in a physi-
cal cantilevered RF-MEMS sample by means of Trans-
mission Line Pulsing (TLP) technique. Subsequent activa-
tion of the micro-heater with pulsed current induces shear
forces able to break the joints and bring the MEMS back to
normal functioning. Other recent findings related to robust
and highly reliable RF-MEMS switches are reported in Zhu
et al. (2014).

Moving now the focus on complex networks based on
RF-MEMS building blocks, the scientific literature reports
recent contributions that are tailored to performance and
requirements imposed by actual applications with commer-
cial interest today. To this regard, it must be highlighted that
currently the main fields of application driving research on
RF-MEMS complex network are those of radars and steer-
ing antennas rather than mobile handset and smartphone
industry. As extensively discussed above, indeed, nowadays
the main commercial application of RF-MEMS networks
concerns impedance tuners for smartphone antennas, and
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Fig. 9 Schematic view of the reconfigurable RF-MEMS-based phase
shifter presented in Bakri-Kassem and Mansour (2013). The network
employs RF-MEMS capacitive switches with 7 different lengths of

this is driving research on robust and reliable RF-MEMS
switches and switched capacitors. Nonetheless, the inter-
est for other types of complex networks in RF-MEMS
technology will likely start to increase, as soon as the com-
mercial exploitation of impedance tuners will consolidate,
thus realising somehow the scenario predicted by Nguyen
(2001) and reported in Fig. 4. On the other hand, matura-
tion of research in RF-MEMS networks for high-frequency
applications (e.g. radars and telecommunication systems
for defence and space applications working in the K band)
is seamlessly progressing. This is, for instance, the case of
the reconfigurable phase shifter reported in Bakri-Kassem
and Mansour (2013). As is known, several papers were
published in the past concerning RF-MEMS phase shift-
ers with remarkable characteristics in terms of reconfigur-
ability, however without covering appropriately issues like
dimensions of the network and complexity of operation. In
this work, both aspects are effectively addressed. Concern-
ing device compactness, a corrugated design of the CoPla-
nar Waveguide (CPW) RF ground lines was chosen. This
brings to the realisation of a slow wave transmission line
(length of 7 mm), that enables an effective electrical length
that is equivalent to a physically longer traditional CPW
(Bakri-Kassem and Mansour 2013). Another drawback of
most RF-MEMS-based phase shifters is that the larger is
the number of capacitive switching stages to achieve dif-
ferent phase shifts, the larger is the number of DC con-
trolling signals that have to be imposed to actuate them.
In most cases, it happens that each RF-MEMS switch is
independently controlled with respect to the others. There-
fore, if the phase shifter employs 10 switching stages (i.e.
10 bits), it needs 10 independent DC signals to cover all
the span of reconfigurability it implements, leading to sig-
nificant increase of complexity of the controlling electron-
ics and at integration level. This issue is also solved rather
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the clamped—clamped suspended membranes labelled from “A” to
“G” (longest and shortest membrane, respectively)

effectively in this contribution, as clamped—clamped RF-
MEMS capacitive switches are all connected and therefore
controlled by a unique DC signal. Nonetheless, the length
of the suspended MEMS membranes is varied according to
the pattern schematically reported in Fig. 9.

The whole network employs 7 different switching stages
with varied length, labelled from “A” to “G”, with refer-
ence to the longest and shortest MEMS membrane, respec-
tively. The different membranes are deployed along the
CPW according to the pattern reported in Fig. 9. Given the
modified geometry of the RF-MEMS switches, their elas-
tic contact varies and, in turn, the pull-in voltage as well.
In particular, the longest switch (“A” type) will exhibit the
lowest actuation voltage, while the shortest switch (“G”
type) will actuate at the highest voltage. Therefore, sim-
ply by sweeping the DC signal applied to all the MEMS
membranes, it is possible to induce progressive collapse of
switches, from “A” to “G”, thus realising 8 different phase
shift configurations (i.e. from no voltage applied, to all
7 types of switches actuated) by means of a unique bias.
More in detail, the switches are designed to have pull-in of
“A” type devices at 10 V, of “B” type devices at 15V, and
so on with steps of 5 V. Experimental characterisation per-
formed on fabricated physical samples showed an achiev-
able phase shift range of 106°, with worst insertion loss
and return loss of 1.7 and 13 dB at 30 GHz, respectively.
Additional recent design and technology solutions for high-
performance reconfigurable RF-MEMS-based phase shift-
ers are discussed in Huang et al. (2015) and Chakraborty
et al. (2014).

Another example of reconfigurable RF-MEMS-based
complex network class of devices concerns tunable fil-
ters. To this regard, particular interest has been oriented in
recent years toward evanescent mode 3D cavity-based fil-
ters, as discussed in (Yang and Peroulis 2014). In this case,
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Fig. 10 Schematic cross-section of a generic implementation of a
3D cavity evanescent mode RF tunable filter. The RF signal is radi-
ated at the input within a metallised cavity, whose structure behaves
for the wave as an LC filter, and is then collected at the output line.
The filtering function operated by the cavity is reconfigured by tun-
ing the capacitance between the central fixed post and the underlying
deformable MEMS membrane

the RF signal, rather than being guided through a CPW-
like structure and filtered by lumped reactive elements (i.e.
inductance—L and capacitance—C), is radiated within
a cavity with metallised walls in order to keep the signal
confined within it. The filtering function is operated on the
radiated RF wave by the cavity, according to a continuous
and distributed fashion. A general schematic cross-section
of a cavity-based filter is reported in Fig. 10.

In details, the cavity is seen by the radiated wave as an
inductive element (L). On the other hand, the central post
realises a parallel plate capacitance (C). The interaction
between the L and C reactive behaviour realises a filter-
ing function for the RF wave that is then collected at the
outlet and brought out of the cavity through the output line
(see Fig. 10). MEMS technology is particularly suitable to
make such a concept reconfigurable, and one of the pos-
sible solutions at technology level is depicted in Fig. 10.
The bottom electrode of the capacitor is made by a thin
membrane, realised by deep etching of the back-side of
a Silicon substrate. By applying a DC bias between the
MEMS membrane and the post above, it is possible to tune
the capacitance, and therefore to modify the filtering func-
tion operated by the whole structure. The advantages of the
3D cavity-based filter solution compared to planar devices
are relevant. At first, better Q-factor can be achieved due
to reduced losses. Moreover, exploitation of evanescent
modes requires fractional cavity dimensions compared to
the wavelength of the filtered signal. This allows reducing
significantly the volume of the device. Eventually, having
a 3D structure eases filter’s mounting and integration with
other circuits and systems. The work reported in Yang and
Peroulis (2014) discusses a two-pole (i.e. two capacitive
posts) tunable band-pass filter. Tuning of capacitance is
ensured by two micro-corrugated MEMS diaphragms that
are independently controlled with DC bias up to 140 V. The

filter’s tuning range is rather wide, as it goes from 23 to
35 GHz. Losses are in the range from 4.2 to 1.5 dB, and
the Q-factor from 530 to 750. From the point of view of
reliability, tunable MEMS membranes have been tested
up to 140 million cycles without observing any failure.
Other recent achievements concerning the realisation of
3D reconfigurable filters exploiting RF-MEMS technology
are discussed in Stefanini et al. (2013) and Pagazani et al.
(2015).

4 Conclusions

In this work, the evolution of RF-MEMS (i.e. MicroE-
lectroMechanical-Systems for Radio Frequency applica-
tions) technology was analysed, since its first discussion
in literature, dated back to the second half of the ‘90 s,
until today. Particular focus was spent around market
analysis of RF-MEMS, as rather inflated expectations
and forecasts were repeatedly disappointed in about one
decade, from the first years of the 2000s until 2010-2011.
According to a rather singular path, RF-MEMS technol-
ogy used to be so animated by nearly revolutionary expec-
tations concerning its impact on radio and wireless sys-
tems market applications, that managed to undergo two
disappointment phases. Initially, important intrinsic (i.e.
technology-related) factors were not properly addressed,
despite their critical relevance in commercialisation of
products. Among them, reliability, packaging and inte-
gration are undoubtedly the most important ones. Once
research started to address effectively such issues, other
extrinsic factors impairing the success of RF-MEMS were
to be faced. In substance, the market need for high perfor-
mance and wide reconfigurability typical of RF-MEMS
was not strong enough to pull such a technology in. None-
theless, the scenario has rather changed in recent years,
and the smartphones market segment is now generating
clear needs for RF passives with the characteristics ena-
bled by MEMS solutions. After such analysis, the paper
discusses the current state of RF-MEMS market exploi-
tation, also providing perspectives for its further expan-
sion. To this regard, a rather synthetic state of the art was
developed around recent research findings in the field of
MEMS-based RF passive devices and networks. Com-
pared to early days of RF-MEMS technology, research is
currently focused on a limited number of aspects, but with
a definitely more pronounced sensitivity toward specifica-
tions and requirements imposed by real market applica-
tions. This proves not only the maturation of RE-MEMS
technology itself, but also of its acceptance and colloca-
tion within important market segments, that very likely
will lead relatively soon to the success that was expected
more than one decade ago.
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